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ABSTRACT 

This  report  covers  in  detail  the  solid  state  research  work  of  the  Solid 
State  Division  at  Lincoln  laboratory  for  the  period  1 February  through 
30  April  1976.  The  topics  covered  are  Solid  State  Device  Research, 
Quantum  Electronics,  Materials  Research,  Microelectronics,  and 
Surface-Wave  Technology.  Funding  is  primarily  provided  by  the  Air 
Force,  with  additional  support  provided  by  the  Army  (BMDATC), 
ARPA  (MSO,  IPTO),  NSF,  and  ERDA. 
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IN  I HOD  urr  ION 


I.  SOLID  STATE  DEVICE  RESEARCH 

Distributed  feedback  1*0 1 ^Sn^Te  stripe-geometry  double-heterostructure  diode 
lasers  grown  by  molecular-beam  epitaxy  are  reported  with  pulsed  laser  operation 
near  X * If. 4 ^m.  Use  of  the  DFB  laser  mechanism  extends  the  continuous  tuning 
range  of  Pb,  Sn  Te  for  one  mode  from  approximately  1 cm  1 for  the  Kabry-Perot 
mechanism,  to  at  least  6. 5 cm  * for  the  DFB. 

Stripline  and  channel-stop  pfn~n+  GaAs  directional  couplers  have  been  fabricated 
and  evaluated  at  1.06  pm  for  IOC  applications.  Both  types  of  couplers  have  exhib- 
ited 96-percent  power  transfer  and  have  shown  a negligible  ( — 0.1  dB)  insertion  loss 
relative  to  a single  guide  having  the  same  dimensions  as  one  of  the  coupled  guides. 

Multiple-energy  Be^-ion  implantation  techniques  have  been  extended  to  higher  total 
beryllium  doses.  In  contrast  to  the  results  at  low  total  beryllium  doses,  a signifi- 
cant diffusion  of  the  implanted  beryllium  was  observed  for  higher  doses  in  GaAs. 

An  improved  dicing  or  separation  technique  for  Pb-salt  laser  fabrication  has  been 
investigated.  The  new  procedure  involves  cutting  halfway  through  200-pm-thick 
crystals  in  steps  of  2 5 pm  per  pass  using  a special  high-speed  saw,  followed  by 
cleaving  the  final  100  pm.  Use  of  this  saw-cleave  technique  has  resulted  in  a sig- 
nificant increase  in  the  output  power  and  device  uniformity  of  PbS1  _xSex  lasers. 

II.  QUANTUM  ELECTRONICS 

In  order  to  improve  the  efficiency  of  harmonic  generation  in  CdGeAs.,,  the 
frequency-doubled  output  as  well  as  direct  C02  output  were  studied  as  a function  of 
Q-switching  frequency.  With  the  use  of  a new  chopper  wheel  and  improved  laser 
mode  quality,  average  and  peak  doubling  efficiencies  of  20.5  and  30.4  percent,  re- 
spectively, were  obtained. 

In  a study  aimed  at  obtaining  high  single-pulse  energy,  0.2  J of  doubled  C02  TEA 
laser  output  has  been  obtained  from  an  uncoated  8-  X 12-  x 11-mm  crystal  of 
CdGeAs2.  Antireflection-coated  crystals  have  given  27-percent  external  energy 
conversion  efficiency  in  a 12-mm  length,  with  a 70-nsec  TEMQo  laser  pulse. 
C oated  crystals  show  a 10-  to  20-percent  decrease  in  surface  damage  threshold. 

Calculations  have  been  made  of  the  critical  average  power  level  for  thermal  run- 
away in  CdGeAs2  as  a function  of  bath  temperature.  The  critical  power  is  typically 
of  the  order  of  a few  watts  at  room  temperature,  and  is  two  orders  of  magnitude 
higher  at  nitrogen  temperature. 

Phasematched  third-harmonic  generation  of  CC>2  laser  radiation  has  been  carried 
out  in  CO  and  NO  using  a small  concentration  of  SFfc  to  provide  compensatory  posi- 
tive dispersion.  In  the  present  experiments,  conversion  efficiencies  as  high  as 
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2x10  have  been  observed.  Based  upon  these  results  and  theoretical  calcula- 
tions, a conversion  efficiency  of  10  percent  should  be  possible  for  a 24-m  cell  and 
a 1-nsec  laser  pulse  having  an  energy  below  the  gas  breakdown  and  window  damage 
limits. 


An  HI-'  laser  was  used  to  directly  pump  various  isotopes  of  C'O^.  Intense  lasing  was 
observed  on  numerous  lines  in  the  4.3-,  10. 6-,  and  17-nm  regions.  All  observed 
4.5-  and  17-^rn  CO,  laser  emission  lines  were  assigned.  Pressure  dependence  of 
lasing  spectra  and  laser  pulse  temporal  features  were  also  examined. 


Spectrophone  measurements  have  been  made  of  absorption  in  Sl'^  near  10  pm  with 
a step-tunable  CO,.  As  the  laser  intensity  is  increased,  the  absorption  spectrum 
broadens  toward  lower  frequencies,  and  subsidiary  maxima  occur.  The  results  are 
consistent  with  a multiphoton  absorption  model  where  vibrational  anharmonicity  is 
partially  compensated  by  rotational  energy  changes. 


III.  MATERIALS  RESEARCH 


Surface  states  on  TiO^  and  SrTiOj  play  a key  role  in  the  photoelectrolysis  of  water 
in  ceils  with  anodes  made  from  these  semiconductors.  The  origin  and  behavior  of 
these  states  are  being  investigated  by  the  complementary  techniques  of  electron  and 
photovoltage  spectroscopy.  From  the  electron  spectra  of  TiCX,  surfaces  that  have 
been  bombarded  with  Ar  ions,  one  can  infer  the  existence  of  three  different  surface 
defect  phases,  depending  on  the  concentration  of  defects  produced  by  bombardment. 

Selective  black  absorbers  with  solar  absorptivities  of  over  90  percent  and  infrared 
emissivities  of  less  than  10  percent  have  been  prepared  by  depositing  sputtered 
MgO/Au  cermet  films  on  metal  substrates.  For  films  deposited  on  stainless  steel 
coated  with  molybdenum,  the  optical  properties  remain  stable  up  to  400°C. 


IV.  MICROELECTRONICS 


To  evaluate  the  benefit  of  phosphorous  gettering  in  lowering  the  dark  current  in  the 
CCD  imaging  arrays  for  the  GEODSS  (Ground  Electro-Optical  Deep  Space  Surveil- 
lance) Program,  the  actual  dark  current  for  gettered  devices  was  measured  and 
correlated  with  dark  currents  determined  from  measurements  on  a gated  diode  in- 


cluded on  each  chip.  On  the  two  devices  tested,  dark  currents  of  27  and  36  nA/cm 

2 


were  measured  on  the  CCD  as  compared  to  values  of  18  and  35  nA/cm  , respec- 
tively, determined  from  gated-diode  measurements,  giving  confidence  to  gated- 
diode  measurements  as  indicators  of  average  CCD  dark  current. 

The  sensor  being  developed  for  use  at  the  prime  focus  of  the  GEODSS  Program 
telescope  is  a hybrid  integrated  circuit  containing  16  CCD  100-  x 400-element  im- 
aging arrays.  The  alignment  requirements  for  this  sensor  are  such  that  a vertical 
row  of  sensing  elements  on  any  one  chip  must  align  within  0.0004  inch  with  the 
same  column  on  all  devices  above  and  below  it,  and  the  element  arrays  must  be 
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parallel  to  within  0.03".  A measuring  coordinator  has  been  modified  so  that  its  in- 
herent accuracy  can  be  utilized  in  chip  placement,  and  16  mechanical  devices  have 
been  placed  down  using  this  coordinator  within  the  required  0.0004-inch  tolerance 
in  both  the  x and  y axes. 

A IX'-to-RF  conversion  efficiency  of  37  percent  combined  with  an  output  power  of 
3.4  W has  been  obtained  at  3.3  GHz  from  a Schottky-barrier  GaAs  IMPATT  diode 
having  an  implanted  lo-hi-lo  profile.  The  donor  spike  was  produced  by  implanting 
silicon  into  an  epitaxial  layer  with  an  n-type  concentration  of  1.65  X 10*  cm  . 
This  implantation  technique  has  resulted  in  a very  high  yield  of  lo-hi-lo  profile  de- 
vices with  efficiencies  greater  than  30  percent. 

In  order  to  minimize  the  effect  of  defects  on  the  10X  reticle  used  for  generating 
I, SI  masks  and  to  reduce  the  amount  of  reticle  inspection  and  cleaning  required,  we 
have  devised  a technique  of  re-exposing  the  clear  areas  of  the  mask  using  a second 
reticle  with  slightly  larger  geometries.  The  second  exposure  removes  the  images 
caused  by  dirt  or  gel  slugs  on  the  first  reticle,  except  immediately  adjacent  to  the 
patterns.  This  technique  has  been  used  for  the  fabrication  of  masks  for  the  Lincoln 
ECL  Gate  Array.  Reticles  with  heretofore  unusable  defect  densities  were  used  to 
generate  usable  masks  with  two  or  less  photorepeated  defects. 


V.  SURFACE-WAVE  TECHNOLOGY 

Surface-acoustic-wave  (SAW)  dispersive  delay  lines  in  the  RAC  (reflective-array- 
compressor)  configuration  have  been  developed  and  incorporated  in  a voltage- 
controlled  continuously  variable  delay-line  system.  This  system  will  be  evaluated 
for  potential  use  in  a multipath  canceller  in  the  LES-10  satellite  communications 
program.  The  variable  delay-line  system  provides  a differential  delay  of  30  psee 
and  has  a bandwidth  of  10  MHz  centered  at  70  MHz. 

The  behavior  of  a SAW  multistrip  coupler  in  a standing-wave  environment  has  been 
investigated  with  the  use  of  a SAW  resonator.  The  measured  response  is  in  excel- 
lent agreement  with  a model  of  the  combined  coupler  and  resonator  response.  An 
understanding  of  this  behavior  is  important  to  the  design  of  multistrip  coupled- 
resonator  filters. 
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I.  SOLID  STATE  DEVICE  RESEARCH 


l 


A.  D1STR1BFTED  FEEDBACK  Hb1  Sn  Te  Dot BLE-HETEROSTRUCTFRE  LASERS 

We  report  distributed  feedback1  (DEB)  pulsed  laser  operation  near  A 13.4-pm  wavelength 
in  stripe-geometry  Pb ( SnxTe  double  heterostructures  l D H)  grown  by  molecular-beam  epitaxv. 
Since  the  DFB  mechanism  yields  highly  frequency-selective  devices  in  which  the  total  output 
power  may  be  i n one  or  two  modes.  DFB  operation  in  this  alloy  system  is  particularly  signifi- 
cant for  tunable  local  oscillator  applications  in  optical  systems  operating  in  the  8-  to  12-pm 
atmospheric  window. 

Previous  DFB  injection  lasers  have  been  operated  exclusively  near  0.9  pm  in  the  Al^Ga^  As 
alloy  system.  Because  of  the  longer  wavelength  of  emission  in  Pb  _xSnxTe.  the  DFB  grating 
of  the  devices  discussed  here  <1.1 -pm  periodicity)  can  easily  be  made  to  operate  in  the  first 
Bragg  order  rather  than  in  the  higher  orders  frequently  used  in  A1  Gaj  As.  Also,  as  discussed 
below,  a relatively  simple  Dll  structure  can  be  used  in  Pbj  SnxTe  to  achieve  a large  coupling 
coefficient  * I Ref.  1)  for  Bragg  reflection  without  locating  the  grating  at  a hetero-interface  or 
using  multilayered,  separate  confinement  structures. 


depth 


cm  5 (Bit 
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Fig.  I-t.  Schematic  of  DFB  double-heterostructure  Pbj  Sn  Te 
laser  without  metallization.  See  text. 


The  structure  used  is  shown  schematically  in  Fig.  I-t.  The  present  devices  differ  very 
little  in  their  structure  (except  for  the  grating)  from  the  DH  Pb(  _xSnxTe  lasers  reported  re- 
cently3 having  conventional  Fabry-Perot  cavities.  The  type  of  substrates  used,  the  epitaxial 
growth  parameters,  the  dopants  and  their  concentrations  are  all  identical  to  the  previous  Fabry- 
Perot  lasers. 

The  grating  was  fabricated  over  the  entire  surface  of  the  top  layer  after  all  epitaxy  was 
completed.  This  was  accomplished  by  exposing  a 1000-A  layer  of  Shipley  AZ  1350J  photoresist 
to  interference  fringes  formed  by  splitting  a 0.4579-pm  argon  laser  beam  into  two  equally  in- 
tense beams  which  were  recombined  on  the  surface  of  the  photoresist  at  the  desired  angle. 

After  developing  the  resist,  the  sample  was  RF  sputter-etched  with  argon  ions.  The  etch  rate 


1 
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for  tlu-  PbTe  was  250  A/min.  compared  with  30  A/min.  for  the  resist.  The  remaining  resist 
was  removed  by  plasma  oxidation. 

Because  the  last  epitaxial  layer  can  be  made  very  thin  without  introducing  significant  optical 
loss  for  TE  modes,  as  has  been  shown  previously,5  and  because  the  sputtering  parameters  and 
grating  spacing  allow  etching  to  almost  any  desired  depth  in  this  layer,  very  large  coupling  can 
be  achieved.  In  cross  section,  the  grating  etched  here  is  0.3  pm  deep  and  has  a trapezoidal 
shape  with  roughly  equal  peak  and  valley  widths.  For  this  grating  on  the  structure  in  Fig.  1-1 
we  calculate  the  fundamental  Fourier  component  of  the  variation  in  guide  index  to  be  nj  ^0.08, 
which  leads  to  an  estimated  coupling  coefficient*  * =*  190  cm  *. 

A stripe  geometry  was  obtained  by  sputter -etching  striped  channels  through  the  active  layer 

which  isolated  60-pm-wide  striped  mesas.  An  800-A  layer  of  MgF,  was  deposited  and  patterned 
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so  that  rectangular  openings  in  the  insulator  with  dimensions  of  50  x 500  pm  were  obtained  on 
top  of  the  striped  mesas.  After  metallization,  devices  were  cut  with  a high-speed  diamond  saw 
to  lengths  of  oOO  pm  along  the  stripe.  The  uninsulated  length  (region  of  electrical  injection,  and 
hence  gam)  after  cutting  was  at  one  end  of  the  mesa,  leaving  a nearly  equal,  electrically  insu- 
lated (passive)  length  at  the  other  end. 


Fig.  1-2.  Pulsed  emission  spectrum  of  DFB  laser  at  58-K  heat-sink  temperature. 

The  devices  were  tested  for  laser  emission  in  a closed-cycle  cryogenic  refrigerator  with 
heat-sink  temperatures  between  12  and  80  K.  Current  pulses  of  8 A ( — 2 5 kA/cm  ),  of  0.5-psec 
duration,  and  of  6 kHz  repetition  rate  were  applied.  A spectrum  of  the  emission  observed  at 
58-K  heat-sink  temperature  is  shown  in  Fig.  1-2.  Only  two  modes  were  seen  separated  by 
~ 9 cm'*,  with  the  amplitude  of  the  higher  frequency  mode  a factor  of  9 times  larger  than  the 
other.  As  the  heat-sink  temperature  was  varied  from  38  to  62.5  K,  these  two  modes  tuned  con- 
tinuously and  maintained  their  spacing  and  amplitude  relative  to  each  other.  The  mode  frequen- 
cies vs  heat-sink  temperature  for  a DFB  laser  are  compared  in  Fig.  l-3(a)  with  data  for  one  of 
the  Fabry- Perot  cavity  (FP)  lasers  of  similar  structure  and  dimensions,  and  under  similar 
pulsed  conditions.  Estimates  of  the  thermal  characteristics  of  the  devices  indicate  that  the 
temperature  of  the  active  region  of  the  structure  rises  2 5 to  50  K above  the  heat-sink  tempera- 
ture during  the  pulse,  so  that  the  spontaneous  line  tunes  (or  "chirps")  by  100  to  200  cm 
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Because  of  the  large,  time-dependent  difference  in  temperature  between  the  active  layer  and  the 
heat  sink,  it  is  difficult  to  interpret  the  tuning  rate  of  the  DFB  modes  with  respect  to  heat-sink 
temperature.  The  observed  rate  of  -0.35  cm  ‘/K,  however,  is  comparable  to  or  smaller  than 
the  index  tuning  of  FP  modes  with  heat-sink  temperature  under  constant  DC  excitation,  and  is 
much  smaller  than  the  spontaneous-line  tuning  rate,  ~3.2  cm  /K,  indicated  in  Fig.  I—  3(a) 
by  the  line  labeled  slope  dE^/dT.  The  tuning  range  of  the  strong  mode  is  ~6.5  cm  *. 

The  pulsed  FP  laser  emission  modes  at  heat-sink  temperatures  of  45  and  58  K are  shown 
for  comparison.  There  are  numerous  modes  spread  over  ~60  cm  '.  One  mode  at  45  K and  two 
nearly-equal  modes  at  58  K are  much  stronger  than  the  remainder.  These  are  marked  by  as- 
terisks in  Fig.  I - 3 1 a)  and  correspond  roughly  to  the  maximum  of  the  time-averaged  spontaneous 
lineshape  (or  gain)  vs  frequency,  as  can  be  seen  by  comparison  with  the  line  of  slope  dE^/dT. 
Only  data  at  two  temperatures  are  shown  for  clarity.  However,  similar  muititnode  output  of 
nearly  constant  total  intensity  was  observed  throughout  the  heat-sink-temperature  range. 

In  contrast,  the  DFB  laser  showed  emission  only  over  a limited  temperature  range,  as  in- 
dicated in  Fig.  I - 3 ( b)  where  the  relative  amplitude  of  the  strong  DFB  mode  (essentially  the  total 


Fig.  1-3.  (a)  Frequency  of  pulsed  DFB  laser  modes  vs  heat-sink  temperature 

(open  circles)  compared  with  pulsed  laser  modes  from  similar  FP  device  at 
45  and  58  K (solid  circles).  Asterisks  indicate  strongest  FP  emission,  and 
show  approximate  tuning  rate  of  spontaneous  emission  given  by  dEg/dT. 
(b)  Relative  amplitude  of  strong  DFB  mode  vs  heat-sink  temperature.  No 
emission  is  observed  below  20  K for  DFB  laser,  as  opposed  to  FP  laser 
which  has  nearly  constant  emission  intensity. 
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output)  is  shown  vs  heat-sink  temperature.  No  emission  at  all  was  observed  for  T < £0  K,  and 
the  emission  was  sufficiently  strong  to  easily  measure  the  spectra  only  between  18  and  62.5  K. 
Only  in  this  range  can  the  Bragg  condition  be  met  for  any  significant  time  during  the  pulse  as 
the  index  and  spontaneous  line  are  temperature-tuned. 


If  we  assume  that  the  Bragg  frequency  is  r » 745  cm  , near  the  center  of  the  two  modes 


seen,  we  obtain  a guide  index  n^  =*6.1,  in  good  agreement  with  theoretical  calculations  for  this 
structure.  The  presence  of  two  lowest-order  modes  is  predicted  theoretically*  for  index  modu- 


lation, in  the  overcoupled  lor  low-gain)  approximation  (and  neglecting  dispersion),  they  would 

he  located  at  frequencies  i =*  r ± Kc/2nn  , having  a separation  (using  our  estimates  for  the 

° H - 1 


coupling  parameter  and  guide  index)  consistent  with  the  9-cm  separation  observed.  The  dif- 
ference in  intensities  might  arise  from  mode  competition  and  saturation  effects  in  the  lasing 
regime.  Another  possible  origin  of  the  second  mode  might  be  from  the  effect  of  the  passive 
grating  region,  which  could  have  appreciable  reflectivity  at  a different  frequency  since  its  ef- 
fective index  and,  hence,  Bragg  frequency  probably  differ  significantly  from  the  active-region 
index  and  center  frequency  due  to  the  difference  in  temperatures. 


J.  N.  Walpole  S.  H.  Groves 
A.  K.  Calawa  T.  C.  Harman 
S.  R.  Chinn 


B.  GaAs  p+n'n+  DIRECTIONAL  COUPLERS 


Two  types  of  GaAs  directional  couplers  have  been  successfully  fabricated  and  evaluated  at 
1.06  pm  for  IOC  applications.  These  devices  would  be  useful  as  passive  power  dividers,  and 


also  as  potential  structures  for  electro-optic  switches  le.g.,  see  Ref.  6).  The  couplers  were 


made  from  a pair  of  closely  spaced  low-loss  (~1  cm  * at  1.06  pm)  single-mode  p+n  n4  three- 


dimensional  waveguides.'  Structures  with  coupling  lengths  (for  maximum  power  transfer)  from 
4 to  24  mm  have  been  evaluated,  and  the  dependence  of  the  coupling  length  on  the  device  dimen- 
sions has  been  characterized.  Both  types  of  couplers  have  exhibited  96-percent  power  coupling, 
and  have  shown  a negligible  (—0.1  dB)  insertion  loss  relative  to  a single  guide  having  the  same 
dimensions  as  one  of  the  coupled  guides. 

A directional  coupler  is  formed  by  parallel  waveguides  and  is  characterized  by  the  exchange 


of  power  between  the  guided  modes.  From  coupled-mode  theory  for  a two-guide  coupler,  the 


interguide  distribution  of  power  P()  initially  coupled  into  guide  b at  z 0 is  given  for  z > 0 by 


3 — T — j sin2  (f4K2  + z/2) 

° 4K  + (Ap) 


P JM__  t —r~- — 2 co®2^4^2  4 bV)2l’/2  */2}) 

\4K“  4 (Ad)  4K  4 (Ad)  ' 


where  K is  the  coupling  coefficient,  and  A p is  the  difference  in  propagation  constants  between 
the  two  guides.  In  the  synchronous  case,  Ap  = 0,  and  complete  power  transfer  occurs  in  a dis- 
tance L ir/2K  defined  as  the  coupling  length.  In  the  asynchronous  case,  Ap  ^0,  and  both  the 
coupling  length  and  the  maximum  power  transfer  are  less  than  for  the  synchronous  case. 


We  have  fabricated  p'n  n4  directional  couplers  formed  by  a pair  of  identical  optical  strip- 
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lines  ’ or  channel-stop  strip  guides.  ’ In  both  cases,  the  guide  spacing  was  about  3 urn.  The 


M 
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structures  consist  of  an  nNlO18  cm'3)  substrate,  an  n‘(~1014  cm'3)  epitaxial  layer  with  initial 

l 18  -3 

thickness  in  the  5-  to  8-pm  range,  and  ion-implanted  p (3  X 10  cm  ) regions  to  laterally  con- 
fine the  light.  The  fabrication  techniques  for  the  couplers  are  similar  to  those  for  the  single 
guides  described  previously.7'  ' It  is  worth  noting  that  multiple-energy  Re  implantations  (see 
Kef.  10,  and  p.  8 in  Ref.  9)  were  used  to  form  p+  regions  of  uniform  concentration  (and  thus  of 
uniform  refractive  index)  to  a depth  of  about  1-8  pm,  with  a junction  Z pm  from  the  surface. 
Figure  I-4(a-b)  shows  photomicrographs  of  cleaved  cross  sections  of  the  stripline  and  the 
channel-stop  couplers.  The  cleaved  faces  have  been  treated  with  a stain/etchant1  1 to  reveal  the 


Fig.  1-4.  Photomicrographs  of  cleaved 
and  stained  cross  sections  of  GaAs 
p4ti'n*  (a)  stripline  directional  coupler 
and  (b)  channel-stop  directional  coupler. 


high-concentration  p+  regions  and  the  n'n*  growth  interface.  In  the  stripline  coupler,  light  is 
guided  beneath  the  p3  ribs,  while  in  the  planar  channel-stop  coupler,  light  is  guided  in  the  two 
channels  between  the  three  p+  regions. 

The  experimental  arrangement  for  evaluating  the  couplers  is  shown  schematically  in 
Fig.  1-5.  The  TE-polnrized  radiation  from  a Nd: YAC1  laser  was  focused  on  one  guide  at  the 
cleaved  input  face  of  the  coupler.  For  qualitative  evaluation,  a magnified  image  formed  on  an 
infrared  vidicon  of  the  near-field  intensity  pattern  at  the  coupler  output  face  was  displayed  on  a 
television  monitor.  The  relative  power  in  each  channel  was  usually  determined  by  scanning 
the  output-face  image  across  a slit  opening  in  front  of  a detector,  and  displaying  the  resulting 
photosignal  on  an  oscilloscope.  For  cases  in  which  the  majority  of  the  light  emerged  from  a 
single  guide,  a phase-sensitive  detection  method  was  used  to  measure  the  power  division  be- 
tween the  channels. 

Figure  I-6(a-b)  shows  the  typical  output  intensity  pattern  from  a channel-stop  coupler,  and 
the  i wrrt  sponding  oscilloscope  trace.  The  guides  are  15  pm  wide,  and  the  sample  is  7,8  mm 
long.  The  input  laser  radiation  is  focused  on  the  guide  to  the  left,  and  about  3-dR  coupling  is 
observed. 
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Fig.  1-5.  Schematic  diagram  of  experimental  arrangement  used  to  evaluate 
GaAs  directional  couplers. 


Fig.  1-6.  (a)  Near-field  intensity  pattern  at 

output  face  of  channel-stop  coupler.  Entire 
output  face  has  been  illuminated  for  clarity, 
input  laser  radiation  is  focused  on  left  guide; 
guides  are  15  pm  wide,  and  sample  is  7.8  mm 
long,  (b)  Corresponding  oscilloscope  trace 
obtained  by  scanning  near-field  image  across 
slits  in  front  of  detector. 


(b) 


I 
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As  high  as  96-percent  power  coupling  has  been  measured  in  samples  8 to  10  mm  long  for 
both  stripline  and  channel-stop  couplers  having  10-pm-wide  guides.  From  Eq.  (1-2),  this  im- 
plies a value  for  Ap/p  4 x 10  ^ , indicating  that  these  couplers  are  highly  synchronous.  This 
result  shows  that  it  is  reasonable  to  set  Ap  0 in  Eqs.  (1-1)  and  (1-2),  and  to  uniquely  determine 
the  coupling  length  from  the  simplified  equations  using  coupling  data  for  several  lengths  of  the 
same  sample. 


TABLE  1 

GoAsp'nV  DIRECTIONAL-COUPLE 

Here  w is  the  width  of  one  guide,  t is 
thickness  for  the  channel-stop  and  stripl 
is  the  coupling  length.  The  uncertainty 
noted.  The  guide  spacing  is  about  3 pm 

-i 

R OPTICAL  CHARACTERISTICS 

the  initial  and  final  epitaxial  layer 
ine  couplers,  respectively,  and  L 
in  L is  45  percent  unless  otherwise 
in  al 1 cases. 

w 

t 

L 

Type 

(pm) 

(pm) 

(mm) 

Channel -stop 

5 

4.2 

4.2 

5 

5.2 

4.  1 

10 

4.2 

7.8 

10 

5.2 

7.9 

15 

4.2 

15.0 

15 

5.2 

14.2 

Stripline 

10 

3.4 

11.5 

10 

5.0 

9.9  ±0.8 

15 

3.4 

24.2 

15 

5.0 

22.3 

15 

5.9 

20.5 

The  measured  coupling  lengths  are  summarized  in  Table  1-1.  It  is  evident  that  for  the 
wider  guides  the  coupling  lengths  are  longer,  this  is  because  the  mode  is  better  confined,  and 
there  is  less  evanescent-tail  penetration  to  the  adjacent  guide.  For  the  stripline  couplers,  the 
coupling  length  increases  about  20  percent  as  the  epitaxial  layer  thickness  decreases  from  5.9 
to  3.4  pm,  this  also  is  attributable  to  improved  mode  confinement.  The  measurement  uncer- 
tainty in  these  L values  is  about  5 percent;  it  should  be  noted  that  including  the  Ap  terms  in- 
troduces only  a change  ^3  percent,  which  is  within  the  experimental  error  range.  The  achieve- 
ment of  coupling  lengths  less  than  10  mm  and  the  high  synchronism  ol  the  guides  suggest  that 
these  structures  should  be  useful  for  electro-optic  directional-coupler  switches. 

F.  J.  Leonberger 
J.  P.  Donnelly 
C.  O.  Bozler 
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BKRY  II  11M-1UN  1M 1J I.  A. NT  AT  ION  IN  CaAs 


We  have  previously  reported  the  use  of  a multiple-energy  Be  -ion  implantation  technique 

to  create  uniform-carrier  concentration  p-type  layers  in  GaAs  (see  Ref.  9 in  which  we  presented 

14  4 2 

the  carrier  concentration  vs  depth  of  a GaAs  layer  implanted  with  1.5  x 10  Be  /cm  at  400  keV, 
1.2  x 10*^  Be*/em“  at  220  keV.  and  1.2  x to'^  Be+/cm^  at  100  keV).  For  this  multiple-implanted 
sample,  the  measured  p-type  carrier  concentration  was  found  to  be  in  good  agreement  with  I.SS 
theory.* i In  this  section,  we  report  an  extension  of  this  work  to  higher  total  beryllium  doses. 

In  contrast  to  the  results  presented  in  Ref.  9 for  a total  dose  of  3.9  x lo1^  cm  significant  dif- 
fusion of  the  implanted  beryllium  was  observed  for  higher  doses. 

Details  of  the  sample  preparation,  encapsulation,  and  anneal  procedure  can  be  found  in 
Ref.  9.  All  the  samples  were  implanted  through  a 700-A  encapsulating  layer  of  pyrolytic  Si^N^ 
(Refs.  14  and  15).  The  multiple  beryllium  doses  used  were  (5/l3)  NT  at  400  keV,  (4/13)  N'T  at 
220  keV,  and  (4/13)  N,j,  at  100  keV,  where  is  the  total  ion  dose.  Except  as  noted,  all  the 
implants  were  made  with  the  GaAs  samples  at  room  temperature.  After  implantation,  the  sam- 
ples were  annealed  at  900  C for  15  min.  Electrically  isolated  cloverleaf-shaped  mesas  were 
then  defined  in  the  implanted  layer  to  minimize  contact  effects  in  making  Hall  measurements  of 
the  van  der  Pauw  type.1 


TOTAL  B«*-  ION  OOSE.  !cm'2l 


Fig.  1-7.  Sheet  carrier  concentration  and  mobility  vs  total  ion  dose 
for  multiple  Be  + implants  in  GaAs.  Implants  were  made  through 

700-A  Si3N’4  encapsulation  layer,  and  were  chosen  to  give  uniform 
carrier  concentration. 

Figure  1-7  shows  the  measured  sheet  carrier  concentration  and  mobility  vs  total  Be-ion 
dose  for  several  uniform-carrier-concentration  implants.  As  the  total  dose  increases,  the  ratio 
of  the  measured  sheet  carrier  concentratfon  to  total  ion  dose  decreases.  The  measured  effec- 
tive activation  (sheet  carrier  concentration/total  ion  dose)  of  the  implanted  Be  is  70  percent 
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for  a total  dose  of  1.3  X 1 0 ' * cm  2 and  10  percent  for  a total  dose  of  1.3  x 10*  cm  2 We  be- 
lieve that  in  this  range  of  carrier  concentration,  this  apparent  decrease  in  activation  is  primar 
ily  due  to  the  increased  statistical  occupation  of  the  He  acceptor  level.' ^ Although  an  accurate 
theoretical  fit  has  not  been  obtained  because  of  uncertainties  in  the  beryllium  acceptor  level 
ionization  energy,  the  degeneracy  factor,  and  possible  banding  effects,  it  appears  that  even  for 
the  higher  doses  studied,  most  lif  not  all)  of  the  implanted  He  is  on  electrically  active  sites. 

As  shown  in  Fig.  1-7,  the  sheet  mobility  decreases  from  about  210  cm2/V-sec  for  a total  ion 
dose  of  1.3  x to*  * cm  2 , to  about  120  cm2/V-sec  for  a total  ion  dose  of  1.3  x 10*^  cm  2. 


Fig.  1-8.  The  p-type  carrier  concentration  vs  depth  for  two  multiple 

Be+  implants  in  GaAs.  Implants  were  made  through  a 700-A  Sijl\4 
encapsulation  layer,  and  annealed  at  900°  C for  15  min.  in  flowing  N^. 


Figure  1-8  shows  the  carrier  concentration  vs  depth  of  two  GaAs  samples:  one  was  im- 
planted with  a total  dose  of  3.9  x 10*4  Be'/cm2  (1.5  x 1 0 ' 4 cm  2 at  400  keV,  1.2  x 10*4cm  2 at 
1 4 -2 

220  keV,  and  1.2  x 10  cm  at  100  keV);  the  other  was  implanted  with  a total  dose  of  1.3  x 
10*k  Be+/cm2  (5  X 10*  3 cm  2 at  400  keV,  4 x 10*3  cm  2 at  220  keV,  and  4 x 10*  3 cm  2 at 
100  keV).  These  measurements  were  obtained  from  a series  of  etching  steps  and  Hall  measure- 
ments.* 4’  * H' ' **  The  dashed  line  in  Fig.  1-8  corresponds  to  the  calculated  Be4  profile'2’*3  for 

14  -2 

the  lower-dose  implant  (N,j.  = 3.9  x 1"  cm  ).  The  measured  profile  for  the  lower-dose 
implant  was  previously  presented  in  Ref.  9,  where  it  is  discussed  in  more  detail.  We  present 
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it  again  here  so  that  it  can  he  compared  more  easily  with  the  profile  obtained  for  a high-dose 
implant  (N.j.  ~ t.i  x to'  ‘ cm  ^).  As  can  be  seen,  there  is  good  agreement  between  the  experi- 
mental data  and  the  theoretical  profile  for  the  lower-dose  implant.  For  the  high-dose  implant 
N.j,  1.3  x to1  ’ cm  ‘S,  however,  the  measured  hole-concentration  profile  is  much  deeper  than 
expected  from  I.SS  theory  or  from  the  results  at  the  lower  dose.  As  can  be  seen  in  Fig.  1-8,  the 

measured  hole  concentration  was  *5  x 10  cm  Iwitli  variations  from  4 x 10  cm  to  6 X 
1 8 “2 

10  cm  ) to  a depth  of  2.7  pm,  at  which  point  it  decreased  rapidly  to  an  unmeasurable  value. 

We  believe  that  the  increased  depth  for  the  high-dose  implant  is  due  to  a Be  concentration- 

dependent  diffusion  coefficient.  , _ ,, 

J.  P.  Donnelly 

F.J.  Leonberger 
C.O.  Bozler 

1).  IMPROVED  DICING  PROCEDI'  RE  FOR  Pb-SALT  LASER  FABRICATION 

The  performance  of  DH  Pb  Sn  Te  diode  lasers  with  sides  and  end  faces  of  the  Fabry- 

1 x * 20  3 

Perot  cavity  cut  using  the  high-speed  Tempress  saw  were  reported  earlier.  We  have  investi- 
gated the  level  of  work  damage  caused  in  PbTe  by  this  convenient  cutting  technique,  and  have 
applied  the  technique  in  the  fabrication  of  high-power  PbSxSet  diode  lasers. 

Pieces  of  PbTe,  4 mm  square  with  surfaces  of  1 1 00)  or'entation,  were  ground  and  etch- 
polished  to  250-pm  thickness.  An  additional  25  pm  were  removed  from  each  surface  by  electro- 
polishing,  in  order  to  remove  the  work  damage  remaining  from  the  grinding  and  etch-polishing 
steps.  Pieces  to  be  cut  were  mounted  with  beeswax  on  a slice  of  Si  which,  in  turn,  was  mounted 
on  a quartz  flat.  Cuts  were  made  with  a 38-pm  blade  on  380-  or  500-pm  centers,  to  duplicate 
the  conditions  under  which  stripe-geometry  lasers  are  cut.  Parts  of  the  cut  strips  were  diced 
to  760-pm  length  to  duplicate  the  fabrication  of  Fabry- Perot  cavities  with  sawed  faces.  The 
cut  PbTe  was  cleaned  of  beeswax  with  warm  trichloroethylene  and  then  was  given  a dislocation 
etch  to  reveal  work  damage. 

The  extent  of  the  saw  damage  depends  on  the  cutting  rate.  Generally,  a slow  advance  of  the 
work  under  the  blade  produces  less  damage  than  a fast  advance,  and  cutting  thick  material 
(>  50  pm)  in  steps  produces  less  damage  than  cutting  through  in  a single  pass.  The  slowest  ad- 
vance speed  normally  found  on  the  Tempress  saw  is  0.5  cm/sec.  Our  saw  was  purchased  with 
an  extra  slow  advance  speed  of  0.05  cm/sec.  Figure  1-9  shows  the  damage  induced  at  the 


-*]  [■ 5°p 


Fig.  1-9.  Photomicrograph  of  device-sized 
PbTe  chip  showing  damage  caused  by  four 
saw  cuts.  Individual  etch  pits  inside  border 
region  are  due  to  dislocations  in  bulk  mate- 
rial, and  groups  of  etch  pits  are  due  to  work 
damage  remaining  from  surface  preparation. 
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intersection  of  a cut  made  perpendicular  to  two  parallel  cuts,  similar  to  that  produced  in  dicing 
laser  chips.  These  cuts  were  made  at  a work  advance  speed  of  0.05  cm/sec,  cutting  through 
the  material  200  pm  thick  in  steps  of  <15  pm  per  pass.  T1  depth  of  damage  is  quite  reproduc- 
ible. extending  about  50  pm  from  the  cut  edge.  The  individual  etch  pits  seen  inside  that  region 
arc  due  to  tie  dislocations  in  the  bulk  material,  and  the  groups  of  etch  pits  are  due  to  work 
damage  remaining  from  the  surface  preparation.  Additional  saw  damage  may  result,  however, 
when  cutting  narrow  strips.  Figure  1-10  shows  damage  extending  across  a 380-pm-wide  strip 
nf  l’h'l V.  This  extended  damage  can  be  largely  eliminated  by  providing  support  at  the  end  of  the 
strip  with  a block  of  PbTe  or  Si.  This  effect  is  also  observed  when  cutting  thin  strips  with  the 
more  commonly  used  wire-slurry  saw.  This  study  shows  that  the  damage  caused  by  cutting 
PhTe  with  the  Tempress  saw  is  uniform,  and  can  be  kept  to  within  50  pm  of  Fie  cut  edge.  We 
have  found  this  damage  comparable  to  that  of  a wire-slurry  saw,  but  the  Tempress  saw  pro- 
duces truer  cuts  and  is  considerably  easier  to  use. 


Fig.  I- 10.  Photomicrograph  of  section 
of  saw-cut  strip  of  PbTe  showing  dam- 
age that  results  when  end  support  is 
not  given  to  PbTe  during  cutting. 


The  surfaces  produced  by  cutting  with  the  Tempress  saw  are  sufficiently  reflective  to  re- 
producibly  obtain  laser  action  when  used  as  end  faces  of  Fabry- Perot  cavities  of  Pb-salt  lasers. 
The  quality  of  the  sawed  surface,  however,  does  leave  more  damage  than  the  best  cleaved  sur- 
face, which  can  be  essentially  damage-free  away  from  the  edge  where  the  cleave  is  initiated. 
Good  cleaves  have  not  been  reproducible,  and  the  cleaving  process  frequently  produces  macro- 
scopic damage  such  as  cracks  which  may  extend  throughout  the  laser  chips.  Generally,  the 
quality  of  the  cleave  improves  as  the  thickness  of  the  material  decreases.  On  the  other  hand, 
it  is  difficult  to  handle  slices  of  Pb-salt  material  less  than  175  pm  thick  without  causing  damage. 

A process  involving  sawing  and  cleaving  combines  the  advantages  of  both  techniques,  and 
has  been  used  to  fabricate  PbS^  _xSex  diode  lasers  of  uniformly  high  quality.  The  objective  is 
to  reduce  the  thickness  of  the  material  only  where  the  cleave  is  desired  by  cutting  a groove  with 
the  saw.  In  the  combined  saw-cleave  process,  material  of  ~200-pm  thickness  is  sawed  from 
the  side  away  from  the  p-n  junction  to  a depth  of  ~100  pm.  This  is  thick  enough  so  that  the  saw 
damage  does  not  extend  into  the  region  of  the  p-n  juhction,  but  thin  enough  so  that  cleaves  which 
are  initiated  in  the  saw  groove  have  uniformly  high  quality.  The  saw  grooves  are  made  perpen- 
dicular to  diffused  stripes  so  that  the  cleaved  surfaces  form  the  end  faces  of  the  Fabry-Perot 
cavity.  The  saw  is  then  used  to  cut  apart  the  individual  laser  chips. 
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TABLE  1-2 

LASER  CAVITIES  FABRICATED  BY  CLEAVING 


— 
Diode  No. 

Annea 

Diffusior 

— 

It 

(mA) 

CV/  Pov/e 
(mW) 

Crystal  No. 

Temperature 

(°C) 

Time 

(days) 

Temperature 

(°C) 

Time 

(hr) 

2870 

37.3  Se-32A 

450 

14 

500 

3 

210 

12 

2871 

37.3  Se-32A 

500 

7 

500 

3 

590 

2.7 

3039 

37.3  Se-32A 

550 

8 

550 

1 

420 

5 

3046 

37.3  Se-32A 

550 

8 

550 

1 

570 

10 

2950 

39  Se- 1 09A 

550 

5 

550 

1 

375 

14 

2962 

39  Se- 1 09A 

550 

5 

550 

1 

590 

3.5 

2969 

39  Se-1 09A 

550 

5 

550 

' 

360 

3.1 

3X3 

39  Se- 1 09A 

550 

5 

550 

1 

210 

6.3 

3006 



39  Se-I 09A 

L 

550 

5 

550 



1 

200 

17 

r 


l ists  of  parameters  of  several  laser  diodes  with  Fabry-Perot  end  faces  formed  by  cleaving 
only,  and  by  sawing  and  cleaving,  are  shown  in  Tables  l-£  and  1-3,  respectively.  The  lists  in- 
clude several  different  n-type  as-grown  crystals  which  were  annealed  p-type  in  a SSe-rich  atmo- 
sphere using  different  annealing  parameters.  1 sing  Mgl'g  as  a diffusion  barrier,  75-pm-wide 
n-type  stripes  were  diffused  in  a Pb-rich  atmosphere  using  the  various  diffusion  parameters 

All  these  1 iser  c ivities  are  ipproximately  400  pm  long.  Although  the  variation  in  las- 
ing threshold  currents  (I  ) for  these  two  groups  of  devices  is  comparable,  the  single-ended 
CW  output  power  is  significantly  higher  and  more  uniform  for  the  devices  using  the  combination 
of  sawing  and  cleaving.  Ising  different  crystals  or  different  annealing  and  diffusion  parameters 
(in  the  ranges  shown)  seems  to  have  little  or  no  effect  on  the  output  powers. 

The  saw-cleave  technique  has  considerably  increased  the  output  power  and  uniformity  of 

pbS  Sc  lasers.  Similar,  but  somewhat  less  conclusive,  results  were  observed  at  lower 
1-x  x 

power  levels  ( ~ 1 mVV)  for  Ph  Sn  Te  lasers. 

J.  M.  Lawless 
A.  R.  Calawa 
S.  H.  Groves 
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II.  QIANTIM  KI.KC'TROMCS 
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A.  efficient  men  rititition  rati:  pfi.sed  second-harmonic 

GENERATION  IN  CdGeAs 

In  order  to  improve  the  efficiency  of  doubling  in  CdGeAs,,  the  pulse  output  of  the 

1 ^ 

chopper-wheel  Q-switched  CO,  lasei’  as  well  us  second-harmonic  output  were  studied  as  a 
function  of  pulse  separation. 

Since  the  period  between  pulses  at  high  repetition  rates  is  too  short  to  permit  maximum 
inversion  buildup  of  the  C'O^  molecules,  a rapid  reduction  of  laser  pulse  amplitude  with  in- 
creasing frequency  at  high  prf  occurs.  This  is  illustrated  by  the  dashed  curve  in  Eig.  11-1, 
which  shows  the  relative  CO.,  laser  pulse  amplitude  P^  as  a function  of  pulse  separation  under 
conditions  of  fixed  electrical  input  to  the  laser  and  constant  chopper  wheel  velocity.  The  prf 
variation  was  obtained  by  using  wheels  with  different  numbers  of  slots. 


Pucsc  repetition  ereouenct  t»mi 


PULSE  SEPARATION  (r sec) 


Fig.  II- 1.  Dashed  line:  normalized  variation  of  CO2  laser  pulse  amplitude  with  pulse 

separation.  Solid  line  normalized  variation  of  second-harmonic  average  power  in 

CdGeAs2  with  pulse  separation,  based  on  dashed  line  and  assumption  <P(2uj)>  « rP. . 
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TABLE  ll-l 

SHG  OF  Q-SWITCHED  CO2  LASER  RADIATION 


Wheel 

Pulse 

Average  Values 

Peak  Values 

Slot 

Rate 

P(o) 

P(2o) 

Percent 

PM 

P(2u) 

Percent 

No. 

(kHz) 

(W) 

(W) 

Efficiency 

(W) 

(W) 

Efficiency 

180 

47.4 

7. 1 

0.79 

11.1 

- 

— 

- 

45 

11.7 

4.6 

0.76 

16.3 

- 

- 

6 



1.55 

0.77 



0. 158 

20.5 

1840 

560 



30.4 

»«: r 1 r ~ " “i 1 

iiwiiiI 


Fig.  [1-2.  1'ulsed  SHG  in  uncoated  CdGeAs^  crystal  8 x 12  x 11  mm'*. 
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Since  second -harmonic  generation  (SHG)  is  proportional  to  the  square  of  the  pump  amplitude 
in  the  absence  of  saturation  effects,  the  average  second -harmonic  output  will  be  proportional  to 
HI’  where  r is  the  prf,  and  a constant  pulse  shape  is  assumed.  The  normalized  average 
second-harmonic  output,  based  on  the  1’  ^ vs  i curve,  is  also  shown  in  Fig.  11-1  and  indicates 
that  the  highest  average  outputs  are  available  between  about  8 and  50  kHz.  The  SIIG  output  per 
pulse  is  proportional  to  1’  Therefore,  while  the  average  output  decreases  with  decreasing 
prf  below  10  kHz.  SHG  conversion  eu'iciency  will  continue  to  increase. 

The  experimental  SHG  results  broadly  follow  the  behavior  expected  on  the  basis  of  tig.  II-l. 
However,  there  are  differences  in  detail  due  to  departures  from  the  assumptions  made  in  obtain- 
ing the  curve.  In  particular,  it  was  found  that  the  C02  output  level  at  low  prf  maximized  at  a 
lower  electrical  input  to  the  laser  than  for  a higher  prf.  This  had  the  effect  of  skewing  the  curve 
to  favor  the  higher  prf  levels. 

The  optimum  SHG  results  obtained  to  date  with  this  laser  are  shown  in  Table  11-1.  They 
represent  an  improvement  over  the  results  previously  reported,  due  to  a somewhat  improved 
mode  quality  of  the  laser  and,  in  the  one  case,  to  the  use  of  a 6-slot  wheel  with  a greater  ratio 
of  slot  spacing  to  slot  width.  There  was  no  sign  of  saturation  in  the  waveform  of  the  5. 3 -pm 
second -harmonic  output  corresponding  to  the  average  and  peak  conversion  efficiencies  of  20.5 
and  30.4  percent,  respectively.  N.  Menyuk 

A.  Mooradian 
G.  W.  iseler 


B.  HIGH  PEAK  POWER  SECOND-HARMONIC  GENERATION  IN  CdGeAs2 

We  have  obtained  0.2-J  second-harmonic  energy  from  an  uncoated  CdGeAs2  crystal 
8 x 12  x 11  mm3.  Figure  1 1-2  shows  the  dependence  of  the  second-harmonic  output  energy  on 
the  CO.,  laser  energy  incident  on  the  doubling  crystal.  The  relatively  low  second-harmonic 
conversion  efficiencies  of  5 to  7 percent  in  these  experiments  are  due  to  the  properties  of  the 
laser  pulse  which  was  multimode  and  had  a tail  because  of  nitrogen  in  the  laser  mixture.  The 
linear  slope  is  probably  due  to  saturation  caused  by  absorption  in  the  crystal  and  +he  multimode 
character  of  the  laser  beam.  It  should  be  possible  to  increase  the  second-harmonic  energy 
further  to  0.5  J by  antireflection-coating  the  crystal.  The  highest  second -harmonic  energies 
that  have  been  reported  by  doubling  CCX  laser  radiation  in  commercially  available  nonlinear 
materials  such  as  proustite  or  tellurium  are  less  than  1 mJ. 

We  have  also  experimented  with  antireflection-coated  CdGeAs-,  crystals,  and  have  observed 
an  external  energy  conversion  efficiency  of  27  percent  for  a 12-mm-long  crystal.  This  was 
obtained  using  a 70 -nsec,  TEM^  mode,  C02  TEA  laser  pulse.  We  did  not  observe  saturation 
effects  similar  to  the  unexplained  effects  that  we  reported  previously  for  a 150 -nsec  pulse  on 
an  uncoated  crystal.  The  measured  conversion  efficiency  for  the  12-mm-long  crystal  is  in 
good  agreement  with  calculations,  assuming  absorption  constants  of  0.2  and  1.5  cm  1 at  the 
C02  and  second -harmonic  wavelength,  respectively.  With  this  absor  ption  the  crystal  length  is 
not  optimum,  however.  We  estimate  from  computer  calculations  that  a 6 -mm  coated  crystal 
should  give  a conversion  efficiency  of  40  percent,  assuming  that  no  other  limiting  effects  are 
present  except  for  losses  due  to  linear  absorption  and  pump  depletion. 

We  measured  the  laser-induced  surface  damage  threshold  for  antireflection-coated  CdGeAs2 
samples.  Compared  with  uncoated  crystals,  there  is  only  a slight  reduction  of  10  to  20  percent 
in  the  threshold  for  pit  and  plasma  formation.  We  also  measured  the  pulse  length  dependence 
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of  the  damage  threshold  for  pulse  lengths  between  70  and  150  nsec.  The  damage  threshold 
depends  only  on  the  total  energy  per  unit  area  for  these  pulse  lengths. 


1 


H.  Kildal 
G.  W.  Iseler 


C.  THERMAE  HI  NAWAY  IN  CdCeAs^ 

The  critical  power  level  for  thermal  runaway  in  CdGeAs^  as  a function  of  bath  temperature 
has  been  calculated.  The  model  used  for  the  calculation  is  one  in  which  a cylinder  (sample)  of 
radius  It  is  irradiated  by  a laser  beam  of  radius  p,  as  indicated  in  Fig.  II-3(a).  The  thermal 
contact  is  assumed  imperfect,  and  is  defined  by  a thermal  contact  parameter 
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HATH 
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where  K is  the  thermal  conductivity,  rBATH  is  the  bath  temperature,  and  T(  R)  is  the  sample 
temperature  at  its  perimeter.  Therefore,  b = °°  corresponds  to  setting  the  sample  perimeter 
at  the  bath  temperature.  For  tins  model,  it  has  been  shown2  that  the  critical  power  level  for 
thermal  runaway  is 
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In  Eq.  (11-1),  S is  a bath-temperature  dependent  quantity  illustrated  in  Fig.  II- 3(b)  for  TBATH  = 
200  K.  It  is  the  slope  of  a line  which  goes  through  the  bath  temperature  at  zero  absorption  and 
is  tangent  to  the  optical  absorption  coefficient  curve. 


Fig.  1 1 - 3.  (a)  Definition  of  R and  p in  thermal  runaway  model; 

(b)  temperature  variation  of  CdGeAs2  absorption  coefficient  at 
10.6  pm.  Also  illustrated  is  slope  function  S for  bath  temper- 
ature of  200  K. 

The  curve  in  Fig.  1 1 -3  (b)  is  based  on  optical  transmission  measurements  taken  between  4.2 
and  450  K on  CdGeAs,  sample  No.  76-19B.  Taking  the  S(T)  values  from  this  curve,  and  using 
the  K-vs-T  values  of  Leroux-Hugon,  the  critical  power  level  for  thermal  runaway  as  a function 
of  bath  temperature  at  10.6  pm  for  different  values  of  h and  R/p  are  shown  in  Fig.  II -4,  with  R 
taken  equal  to  2 mm.  This  value  and  R/p  = 20  approximate  the  conditions  of  our  focused-beam 
SHG  experiments. 

CdGeAs2  can  accept  fairly  high  levels  of  CO.,  laser  radiation  with  reasonable  thermal  con- 
tact to  an  80  K bath  temperature.  However,  the  rapid  decrease  of  with  increasing  temperature 
indicates  that  safe  and  effective  use  of  CdGeAs2  requires  that  the  crystal  be  cooled. 
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Fig.  11-4.  Variation  of  critical  power 
level  for  thermal  runaway  with  bath  tem- 
perature for  different  values  of  R/p  and 
thermal  contact  parameter  h. 


A similar  calculation  was  carried  out  for  a wavelength  of  5.3  pm.  The  higher  optical 
absorption  at  this  shorter  wavelength  leads  to  an  approximately  five-fold  decrease  in  the  value 
of  l’(  , and  the  temperature  dependence  is  similar  to  the  10.6-pm  case. 

N.  Menyuk 
H.  Kildal 


I).  INFRARED  THIRD-HARMONIC  GENERATION  IN  PHASEMATCHED  CO  GAS 

Recently,  third -harmonic  generation  (TUG)  of  CO ^ laser  radiation  has  been  observed  in 
S l'(. , BClj,  and  CO  (see  Refs.  4 and  5).  Both  SF^  and  BCl^  have  strong  absorption  at  the  CO^ 
pump  wavelength,  which  limits  the  maximum  obtainable  third-harmonic  conversion  efficiency 
in  these  gases.  This  problem  is  avoided  for  CO  which  has  only  a two-photon  resonance  with 
the  C02  pump  laser,  and  there  is  a potential  for  scaling  of  the  efficiency  when  phasematching 
techniques  are  employed.  The  CO  itself,  because  of  the  vibrational  resonance  at  2143  cm’*, 
has  negative  dispersion  between  the  third  harmonic  and  the  CO.,  pump  frequency.  Phasematching 
is  therefore  possible  if  CO  is  mixed  with  a gas  with  positive  dispersion.  Similar  phasematching 
techniques  have  previously  been  employed  for  atomic  vapors  in  the  visible  and  ultraviolet  spec- 
tral regions. 

In  this  report,  we  discuss  phasematched  THG  in  CO  using  SI' gas  to  provide  the  necessary 
positive  dispersion  for  phasematching.  The  measured  third-order  susceptibility  for  CO  is  in 
good  agreement  with  calculations  which  relate  the  third-order  susceptibility  to  the  spontaneous 
Raman  scattering  cross  section,  and  the  measured  difference  in  the  indices  of  refraction  be- 
tween the  third  harmonic  and  the  laser  pump  frequency  is  also  in  good  agreement  with  predictions. 
We  also  report  on  THG  in  NO  using  a two-photon  resonance  between  the  CO^  pump  laser  and  the 
NO  Q-branch,  and  the  efficiency  is  about  the  same  as  for  CO. 
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l or  the  third-harmonic  experiments  we  used  a grating-controlled,  TKMqo  mode,  C:0^  TEA 
laser.  The  laser  operated  with  a CO^-He  gas  mixture,  was  omitted  to  avoid  the  tail  on  the 
output  pulse  caused  by  the  energy  transfer  from  N^.  The  laser  pulse  had  some  structure  due 
to  spontaneous  modelocking,  and  the  width  was  70  nsec  (F'WHM).  The  output  from  the  laser, 
typically  50  to  200  mJ  as  measured  with  a Gen-Tec  ED-200  joule  meter,  was  passed  through 
an  H-uiii  long-wavelength-pass  filter  to  block  the  third -harmonic  signal  generated  in  the  Ge 
output  coupler  and  the  1.  l-(im  fluorescence  from  the  C'CT,  laser.  The  beam  was  then  focused  by 
a long-focal-length  mirror  into  the  third-harmonic  cell  which  was  equipped  with  a Nat  l window 
in  the  front  and  a 5-mm  I.iF"  window  to  block  the  CCh,  laser  radiation  in  the  back.  The  third- 
harmonic  output  from  the  cell  was  detected  with  an  InSb  photovoltaic  detector  that  had  a time 
constant  of  52  5 nsec.  The  detector  did  therefore  not  resolve  the  third-harmonic  pulse,  and 
this  was  corrected  in  determining  conversion  efficiencies.  A He-Ne  laser  at  3.39  pm  was 
used  to  calibrate  the  responsivity  of  the  detector. 

The  third-harmonic  conversion  efficiency  for  TEM  mode  lasers  when  there  is  no  absorp- 

v 4,7  00 

tion  is  given  by 
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where  the  third-order  susceptibility  x is  defined  by  ‘l'3  = x ' j > an(l  l'  j and  :,’j  are  the 
Fourier  amplitudes  of  the  applied  electric  field  and  the  resulting  polarization.  The  phase  mis- 
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match  integral  1 in  Kq.  (11-2)  can  be  written  as 
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where  Ak  = k,  3k,  is  the  wavevector  mismatch,  I is  the  cell  length,  z is  the  distance  from 
3 1 2 6 o 

the  cell  entrance  window  to  the  focal  point,  and  b = 2trwQ/A  is  the  confocal  parameter  where  wq 
is  the  spot  size  of  the  laser  beam  at  the  focal  plane;,  (t  follows  from  Eq.  (11-3)  that  the  phase 
change  which  occurs  when  the  Gaussian  beam  propagates  through  the  focal  region  can  be  com- 
pensated for,  at  least  partially,  by  a negative  wavevector  mismatch  when  the  beam  is  focused 
in  the  middle  of  the  cell.  |l  j2  is  maximized  for  Ak/b  values  ranging  from  -2  at  tight  focusing 
(b  « t)  to  —4  at  weak  focusing  (b  » /). 

Figure  1 1 - 5(a)  shows  the  third-harmonic  signal  obtained  from  a 17.9-cm  cell  filled  with 
CO-SF,  mixtures  at  pressures  up  to  11  atm.  The  pump  line  is  the  CO^  Ft ( 1 0 ) line  at 
1071.884  cm  '.  For  pure  CO,  the  third-harmonic  signal  vs  pressure  curve  shows  oscillations 
with  amplitudes  that  decrease  with  increasing  pressures.  This  is  typical  for  negative  Ak.  By 
adding  SF^,  the  period  of  oscillations  increases  until  the  phasematching  condition  Ak  = 0 is 
reached  with  a CO-SF^  ratio  of  1:0.0048.  At  higher  SF^  partial  pressures,  the  oscillations 
appear  again,  but  now  the  amplitude  of  the  first  oscillation  is  smaller  than  the  successive  am- 
plitudes, as  expected  when  Ak  is  positive. 

The  phase  mismatch  integral  is  pressure-independent  at  phasematching,  and  the  pressure 

(3)  2 

dependence  of  the  third-harmonic  signal  is  then  determined  by  |x  which  is  proportional 

to  pressure  squared  as  long  as  the  effects  of  pressure  broadening  on  x^  are  negligible.  Ex- 
perimentally, the  pressure  broadening  begins  to  limit  X*^  at  pressures  above  a couple  of  atmo- 
spheres for  the  CC>2  R(10)  line.  We  can  estimate  the  third-order  susceptibility  for  CO  enhanced 
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Fig.  ([-5.  Pressure  dependence  of  third-harmonic  signal  from  17.9-cm  cell 
filled  with  CO-SF(,  mixtures  of  (a)  1:0,  (/5)  1:0.0048,  and  (y)  1:0.012,  and 
pumped  withC(>2  R(10)line  at  9.33  um  focused  at  cell  exit  window,  (a)  Mea- 
sured signal,  (b)  calculated  signal. 


by  tin'  two-photon  resonant  between  the  pump  laser  and  the  CO  0—1  Q-branch  using  the 
4 

expression 
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where  J is  the  rotational  quantum  number,  “’qjj)  and  ^'qiJ)  are  freQuenc'es  and  linewidths 
of  the  Q-branch  transitions,  u>  is  the  laser  frequency,  Nj  is  the  density  of  molecules  in  a single 
rotational  level  of  the  vibrational  ground  state,  dcr  /d U is  the  Q-branch  vibrational  Raman  scat- 
tering cross  section  with  incident  and  scattered  light  polarized  in  the  same  direction,  and  u> 
and  are,  respectively,  the  Raman  pump  and  Stokes  frequency.  The  Raman  scattering  cross 
section  for  the  Q-branch  is  slightly  J-dependent.  The  variation  with  J,  however,  w'hich  is  only 
a few  percent,  has  been  neglected  in  Eq.  (11-4)  such  that  measured  cross  sections  for  the  total 
Q-branch  can  be  used  directly.  In  Eq.  ( 1 1-4 ) , we  are  also  assuming  that  the  main  contribution 
to  X,3)  from  intermediate  states  comes  from  the  summation  over  excited  electronic  states, 

4 

except  for  the  vibrational  two-photon  resonance.  Furthermore,  it  is  assumed  that  is  suffi- 
ciently below  the  electronic  transition  frequencies  such  that  there  is  no  electronic  resonance 
enhancement  of  d<7r/df!. 

In  calculating  x<3*  for  CO,  we  use  dov/dtt  = 4.3  x 10~3'  cm^sr'*(l  = 5145  A)  (see  Ref.  8), 

— 1 

and  N.  = N(2J  + 1)  exp[-fiBJ(J  + l)/kT],  where  B/2irc  = 1.93  cm  is  the  rotational  constant, 

J 25  -3  -1 

and  N = 2.49  x 10  m atm  at  22°C.  The  frequencies  for  the  Q-branch  are  obtained  from 
the  molecular  constants  in  Ref.  9,  and  the  linewidths  for  the  individual  J lines,  which  are  deter- 
mined by  pressure  broadening  above  a few  tens  of  Torr,  are  taken  from  Ref.  10.  (We  assume 
that  the  pressure  broadening  for  the  Q-branch  is  similar  to  the  R-branch.  It  should  depend 
mainly  on  the  rotational  quantum  number  J. ) 

Figure  1 1- 5 (b)  shows  the  calculated  pressure  dependence  of  the  third-harmonic  signal  for 
three  CO-SF^  mixtures  in  Fig.  II - 5(a),  assuming  the  same  input  power  in  each  case.  The 
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calculations  were  made  using  Kqs.  (U-2)  through  <!I-4),  witli  the  cell  length  and  focusing 
parameters  as  in  the  experiment  in  Fig.  1 1 — *>( a ) . In  order  to  evaluate  the  phase  mismatch  inte- 
gr  il,  it  is  necessary  to  know  the  difference  in  the  indices  of  refraction  fin  = — n^  between 

the  third  harmonic  and  the  laser  pump  frequency.  For  CO,  pumped  witli  the  ((A,  K(10)  line, 
fin(  ()  - -9.2  x 10  ' at  1 atm,  which  corresponds  to  a coherence  length  of  t c = tt/ 1 Ak  | = 

A/6|fin  ()!  30  cm  (Ref.  4).  '['his  value  was  obtained  by  considering  only  the  vibrational  reso- 

nance at  2141  cm  \ and  neglecting  the  contribution  from  excited  electronic  states  to  the  dis- 
persion in  the  1-  to  9 -pm  region.  The  error  because  oi  this  approximation  should  be  only  a 
few  percent.  Comparison  of  the  measured  and  calculated  third-harmonic  curves  lor  pure  C O 
in  Figs.  11-9(3)  and  (b)  show  s excellent  agreement  between  the  periods  of  oscillation  which  are 
determined  by  the  dispersion  and  the  focusing  parameters,  from  this  we  conclude  that  the 
calculated  6n  for  CO  is  accurate  to  within  10  percent,  and  we  use  this  value,  together  with  the 


CO-SI  ( mixing  ratio  at  phasematching,  to  determine  fin  for  SF^. 


At  1 Torr,  we  have  fin,; 


1.43  x 10 


The  fin  values  for  t < 


) and  SF(  given  above  were  used  in  calculating  the  third- 


harmonic  curve  for  the  CO-SF,  ratio  ol  1 0.012  in  Fig.  lf-5(b).  In  this  case,  the  coherence 
length  is  I = 20  cm  at  1 atm.  There  is  good  agreement  between  the  measured  and  calculated 
curves  in  Figs.  II-5(a)  and  (b).  The  only  disagreement  is  that  the  measured  increase  in  signal 
amplitude  under  phasematched  conditions  is  only  hall'  of  what  is  predicted  by  the  calculations. 

The  indices -of- refract  ion  difference  fin  for  SFfc  can  also  be  estimated  from  the  strength  of 
the  absorption  band  at  946  cm"1.  This  absorption  occurs  on  the  low-frequency  side  of  the  pump 
laser,  and  therefore  makes  fin  positive.  Starting  with  Eq.  (71  in  Ref.  4,  we  obtain 
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where  the  first  term  is  the  change  in  the  index  of  refraction  at  the  third-harmonic  frequency, 
and  the  second  term  is  the  change  at  the  pump  frequency.  Inserting  the  dipole  moment  p1Q  = 
0.3  I)  (Ref.  11)  and  w|()/2irc  = 946  cm-1  for  SI- into  Eq.  (11-5),  together  with  w/2irc  = 1071.9  cm 
for  the  CC2  R(10)  line,  we  find  fin  = 6.7  x 10~7  at  1 Torr,  which  is  about  half  the  measured 


In  addition  to  the  C02  R(10)  line,  we  have  also  observed  THG  of  the  COz  R(8),  RI12),  and 
R(  14)  lines.  The  doubled  R(8)  line  falls  in  the  middle  of  the  CO  Q-branch,4  and  the  doubled 
R ( 12)  and  RU4)  are  on  the  high-frequency  side  and  further  away  from  the  Q-branch  than  the 
doubled  R(10)  line.  At  pressures  below  1 atm,  for  RH2)  and  R(  14)  is  therefore  much 
smaller  than  for  R(10).  The  difference  is  smaller  at  higher  pressures,  however,  since  the 
pressure  broadening  affects  the  R(10)  pump  line  first.  Figure  II-6(a)  shows  the  measured  third- 
harmonic  signal  under  phasematched  conditions  for  the  C02  R(8),  11(10),  R(12),  and  11114)  lines. 
At  phasematching,  the  pressure  dependence  of  the  third -harmonic  signal  is  determined  by 
|X(V.  and  in  Fig*  R-6(b)  we  show  the  calculated  |x<3)|2  for  the  same  four  pump  lines.  The 
finite  laser  linewidth  of  approximately  0.03  cm  * has  been  neglected.  This  is  important  only 
for  the  R(8)  line.  The  doubled  R(8)  line  is  within  0.036  cm'1  of  the  CO  0 — 1 Q(1 1 ) transition, 
and  a finite  linewidth  reduces  |x^|2  slightly  at  pressures  below  a couple  of  atmospheres.  It 
is  seen  by  comparing  the  figures  that  there  is  good  qualitative  agreement  between  the  experiment 
and  the  calculation. 
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1 ig.  11-6.  Pressure  dependence  of  (a)  third -harmonic  signal  generated 
in  phasematch'ed  C G-SF(,  mixture  pumped  witii  C’O^  laser  lines  near  9.3  pm, 
and  (ti)  calculated  third-order  susceptibility  squared  for  CO  for  same  laser 
lines  as  in  (a). 

We  have  not  observed  any  third -harmonic  signal  when  utilizing  a two-photon  resonance 
between  the  CO^  laser  and  the  CO  O-braneh.  In  this  case,  only  a single  vibrational-rotational 

line  contributes  to  the  third-order  susceptibility.  This  is  different  from  the  Q-branch,  where 

(3) 

the  lines  are  narrowly  spaced  and  the  whole  branch  contributes  to  x 

The  measured  absolute  third-harmonic  conversion  efficiency  agrees  well  with  theory.  In 

a carefully  calibrated  experiment  using  the  CO,  KUO)  line  incident  on  a 32.7 -cm  cell  filled  with 

^ -3 

700  Torr  of  CO,  the  measured  third-harmonic  power  was  P,  = 5.0  x 10  W for  an  incident 

5 / -9 

power  of  P = 1.3  MW.  This  corresponds  to  a conversion  efficiency  oi  P^/Pj  = 3.8  x 10  . 

(The  laser  pulse  in  these  experiments  had  some  spontaneous  modelocking.  The  degree,  how- 
ever, varied  from  pulse  to  pulse,  and  in  taking  measurements  we  only  considered  the  pulses 
that  had  negligible  modelocking.)  At  700  Torr  CO,  the  calculated  third-order  susceptibility 
from  Eq.  ( II— 4)  is  |x<3,|  = 1.35  x 10"35  Asm/V3.  With  a eonfocal  parameter  of  b = 32.8  cm, 

Z(  = 16.4  cm,  and  a CO  coherence  length  at  700  Torr  of  f = 7r/|  Ak|  = 32.6  cm,  the  phase  mis- 
match integral  in  Eq.  ( 1 1—3)  is  | .1  j 2 = 2.43.  With  the  above  values  inserted  into  Eq.  (11-2)  together 
with  P = 1.3  MW  and  w/2irc  = 1071.88  cm  , we  obtain  P?  = 6.9  X 10  W in  good  agreement 
with  the  observed  value.  This  confirms  that  Eq.  (11-4)  is  valid  for  calculating  the  third-order 
susceptibility  when  there  is  a resonance  enhancement  due  to  a vibrational  two-photon  transition. 

We  have  also  observed  THG  in  NO  with  the  same  efficiency  as  in  pure  CO.  The  largest 
signal  was  obtained  for  the  CO,  P(28)  line  at  936.804  cm"1.  Using  the  C'02  P(26)  line,  the  sig- 
nal was  an  order  of  magnitude  smaller.  The  doubled  P(28)  line  falls  in  the  middle  of  the  NO 
Q-branch,  while  the  doubled  P(26)  is  on  the  high-frequency  side  of  the  Q-branch.  !•  igure  1 1-7 
shows  the  pressure  dependence  of  the  third-harmonic  signal  from  CO  and  NO  with  the  same 
input  power  in  both  cases.  The  NO  has,  as  expected,  a somewhat  longer  coherence  length  than 
CO  since  the  vibrational  dipole  moment  for  NO  is  only  0.076  D (Ref.  12),  compared  with  0.1  D 
for  CO  (Ref.  13). 

In  Ref.  4 it  was  shown  that  the  third-order  susceptibility  enhanced  by  a two-photon  reso- 
nance is  proportional  to  the  two-photon  absorption  constant  for  that  resonance.  Therefore 
implicit  in  the  THG  experiments  there  is  information  about  the  strength  of  two-photon  transitions. 
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i ig.  11-7.  Pressure  dependence 
-j  of  third-harmonic  signal  gener- 
ated in  CO  arid  NO  in  1 -m  cell 
with  laser  input  power  same  in 
1 both  r ases. 
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A detailed  calculation  of  the  vibrational  two-photon  absorption  constant  for  NO  has  been  presented 

1 4 

by  Golger  and  Letokhov.  As  intermediate  states,  they  consider  only  vibrational-rotational 
levels  within  the  NO  electronic  ground  state,  neglecting  contributions  from  excited  electronic 
states.  According  to  their  calculations,  the  maximum  two-photon  absorption  constant  for  the 
}’  and  R branches  is  two  orders  of  magnitude  greater  than  for  the  S-,  Q-,  and  O-branches. 
fo  examine  this,  we  measured  the  third-harmonic  signal  generated  using  the  CO^  P(24)  line  at 
940.549  cm"'  which  is  resonant  with  the  NO  R<0.5)  transition  in  the  state  at  1881.041  cm 

(This  i-  thi  san  e ti  msition  < onsidered  bv  Golger  and  Letokhov.)  The  larger  two-photon  absorp- 
tion constant  for  the  R-transition  should  more  than  compensate  for  the  larger  number  of  reso- 
nant lines  in  the  Q-braneh,  to  give  a larger  third-order  susceptibility  for  the  P(24)  than  for  the 
P(28)  line.  Experimentally,  however,  this  is  not  observed.  The  tturd-harmonie  signal  for  the 
Pi28)  line  is  about  40  times  larger  than  for  the  P< 24)  line.  We  believe  that  the  model  of  Golger 
and  l etokhov  is  incomplete.  The  excited  electronic  states,  which  were  neglected  by  them,  give 

the  largest  contribution  to  the  two-photon  absorption  constant.  For  example,  the  two-photon 

4 15 

absorption  constants  estimated  from  the  spontaneous  Raman  scattering  cross  sections,  ’ 
which  include  the  excited  electronic  states,  are  larger  than  the  two-photon  absorption  constants 
calculated  by  Golger  and  Letokhov. 

-8 

The  largest  third-harmonic  conversion  efficiency  we  have  measured  is  1.9  X 10  which 

was  obtained  for  the  CO,  R ( 1 0 ) line  with  1.2  MW  of  laser  power  incident  on  a 17.9-cm  cell  filled 

with  a phasematched  CO-SF,  mixture  at  11  atm.  The  energy  density  on  the  NaCl  window  in  this 
2 ^ 

experiment  was  10  j/cm  . For  a given  cell  length  the  conversion  efficiency  is  limited  by  the 
damage  threshold  of  the  cell  windows  for  confocal  and  weaker  focusing,  and  by  the  optical  break- 
down of  the  gas  for  tight  focusing. 

With  presently  available  lasers,  it  appears  possible  to  scale  up  the  THG  efficiency  in  CO 
to  reasonable  levels.  We  consider  a CO^  laser  operating  on  the  R(8)  transition,  with  an  output 
pulee  of  1 nsec  and  confoeally  focused  into  a cell  filled  with  a CO-SF'^  mixture  at  760  Torr.  The 

CO-SF,  ratio  is  set  to  maximize  at  confocal  focusing  this  requires  Akb  = -3.46,  giving 

2 

, 1 1 = 2.46.  In  this  case,  the  predicted  third-harmonic  conversion  efficiency  is  10  percent  for 

an  input  power  of  P = 3.4  GW.  When  the  energy  density  is  limited  by  the  NaCl  window  damage 
threshold10  for  1 -nsec  pulses  of  6 J/cm  (energy  density  on  the  beam  axis),  and  the  experiment 
is  performed  at  an  energy  density  of  half  the  damage  threshold,  a cell  length  of  24  m is  necessary 
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to  achieve  the  10-percent  conversion  efficiency.  I'he  measured  absorption  in  Sl-(  over  this 
path  length  is  negligible.  H>  Kildal 

K.  DIRECT  OJ'TICAl  I V l‘t  Ml'lil)  MU1  TIWAVKI.ENG  I H CCL,  LASER 

We  report  generation  of  laser  radiation  in  the  It-  to  17-pm  region  by  optically  pumping 
various  isotopes  of  Co,  using  an  HF  laser.  These  experiments  use  a single  HF  laser  to  directly 
pump  Co,,  our  results  indicate  that  efficient,  tunable  laser  oscillation  can  be  obtained  and 
scaled  to  high-power  levels.  Numerous  lines  in  the  4.  4-um  region  have  also  been  generated. 
These  play  an  important  role*  in  the  overall  system  dynamics,  as  described  below. 

The  experiments  used  either  commercial  HF  lasers  or  oscillator  amplifier  systems.  The 
cavities  and  optics  were  similar  t those  discussed  in  Ref.  17.  However,  in  this  case,  the  laser 

b<  c loled  to  dry-i<  • ti  n perature  using  concentric  cooling  jackets. 

Four  Co2  species  were  pumped  '“C1b02,  12C18<>2,  '“C1  J0180,  and  C O O.  While 

1218  121618 

all  emitted  in  both  the  4.5-  and  10.6-um  range,  C <>2  ant*  f O O also  lased  in  the  17-pm 

^,16  18  , . , . . 12.-18,,  1 2. ,16, ,18,,  1 2^,1 6^ 
region.  The  C O ()  was  available  only  in  a mixture  of  C (),:  C ()  O: 


‘•C‘uOz  with 
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relative  abundance  ratios  1:2:1.  Similar  characteristics  were  observed  from  the  C O 2 in  the 

mixture  and  from  a sample  of  99-percent  purity. 

1 8 

Comparisons  of  the  known  frequencies  of  HF  lines  with  CCX,  absorption  spectra  in  the 
2.8-fim  region  * reveal  that  P>5  (3577.500  cm  ^ ) is  within  0.004  cm  ^ of  R8  from  the 

00°0  — ( 1 0°1  )j|^  transition  in  12C1b0180,  and  I’26  (3541.175  cm"1)  is  within  0.007  cm  1 of  R8 

from  the  00°0  — [10°1|n  transition  in  12C180,.  We  verified  these  near  coincidences  and  their 
absorption  intensities  by  recording  the  transmission  of  the  multiline  HF  laser  spectrum  with 
and  without  the  ,2C1fJ(),8<>  mixture  in  the  > 11. 

Using  available  spectroscopic  conste  its,21  we  have  identified  all  the  observed  optically 
pumped  output  laser  lines  at  4.3  and  17  pm,  and  we  list  their  calculated  values  in  Table  II-2. 

Our  measurements  were  made  using  0.5-  and  1.0-m  scanning  monochromators,  and  the  experi- 
mental numbers  coincide  to  at  least  four  significant  figures  with  the  calculated  ones.  The  sole 
exception  was  the  16.76-gm  line  from  12C1b0180.  This  discrepancy  was  attributed  to  small 
deviations  in  the  published  constants,  and  in  this  instance  the  experimental  number  is  also  noted. 

All  4.3-  and  17-pm  lines  observed  in  these  experiments  can  be  accounted  for  by  four  popu- 
lating processes:  (1)  4.3-  and  17-gm  lines  originating  from  the  optically  pumped  levels, 

(2)  17-pm  lines  cascading  from  4.3-pm  lasing,  (3)  4.3-pm  lines  pumped  by  rotational  relaxation 

in  f10®1|..,  and  (4)  17-pm  lines  originating  from  rotational  equilibration  in  [10°0|...  This  latter 

' 12  18  11 
effect  was  much  more  pronounced  with  pure  C Oz  than  with  either  isotope  in  the  mixture. 

The  10.6-pm  lasing  is  due  to  fast  V-V  processes  of  the  type  (Ref.  22)  CO2(02t)  + CO^IOOO)  — 

CC>2(0011  + C02(020),  and  was  typically  delayed  from  the  pump  pulse  by  several  microseconds. 

The  temporal  behavior  of  the  laser  pulses  is  illustrated  in  Fig.  II-8(a-d),  which  shows  the 

1218  1218 

HF  laser  pulse,  two  17-pm  laser  pulses  from  C (>2,  and  the  4.3-u.m  ( C C>2)  signal.  There 
is  ~ 50-nsee  delay  between  the  HF  laser  pulse  and  the  directly  pumped  17.46-  and  4.3-um  lines. 
The  weaker  17-um  lines  in  the  cascade  are  further  delayed  relative  to  these  lines  by  about 
1 00  nsec. 


tWe  use  the  notation  in  which  one  Fermi  resonant  level  is  given  in  brackets,  and  the 
subscripts  1,  II,  etc.  indicate  the  particular  level  in  order  of  decreasing  energy. 
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TABU  11-2 

CALCULATED  VALUES  OF  OBSERVED  LINES 


*2c'^o'80  Ipumped  by  P^TS )J 

,2c,8o,8o(p 

jmped  by  PjW] 

(1011n  -Oil 

R(8) 

16.780  pm  (16.76) 

R(8) 

17.463  pm 

[ioo)M  -010 

R(6) 

16. 596 

R(7) 

17.280 

P9 

16.927 

P (7) 

17.596 

Pll 

16.970 

P(9) 

17.639 

P(U) 

17.684 

P(13) 

17.730 

P(15) 

17.775 

P(17) 

17.821 

P(21) 

17.915 

P(23) 

17.962 

P(25) 

18.010 

P(27) 

18.058 

1 1 01 1 j , — ( 1 001 1 1 

R(8) 

4.314 

R(8) 

4.346 

POO) 

4.340 

POO) 

4.371 

P(14) 

4.346 

P(  1 4) 

4.377 

P(19) 

4.354 

P(18) 

4.382 

P(20) 

4.385 

P(24) 

4.392 

P(28) 

4.398 

In  summary,  we  hav*  obtained  new  laser-  lines  from  4.3-  and  17-pm  bands  in  tw'o  isotopes 
of  ( '( )_  by  direct  optical  pumping  with  a Hi  laser.  Radiation  at  4.3  um  was  also  seen  in  two 
additional  isotopes.  Considering  the  mechanisms  involved,  it  is  expected  that  these  isotopes 
an  also  be  made  to  oscillate  at  ~16  urn.  We  have  demonstrated  that  rotational  relaxation  leads 
to  many  lines  within  4.3-  and  17-um  bands,  and  in  our  experiments  have  approached  a condition 
of  saturating  the  entire  00%  — [10%]^  band. 

M.  I.  Buchwaldt  H.  R.  Fetterman 
C.  R.  Jonest  H.  R.  Schlossbergt 

1 . Ml  l.Tll’HOTON  ABSORPTION  PROCESSES  IN  POLYATOMIC  MOLECULES 

Recent  demonstrations  of  laser  isotope  separation  in  polyatomic  molecules  have  been  based 
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on  the  selective  dissociation  of  these  molecules  by  a CO,  laser.  ’ This  dissociation  can 
occur  without  collisions,  indicating  that  a large  number  of  infrared  photons  must  be  absorbed 
by  each  molecule.  It  has  been  suggested  that  the  dissociation  occurs  in  two  steps,  the  first 
step  being  selective  excitation  to  a vibrational  state  high  enough  that  the  density  of  states  be- 
tween it  and  the  dissociation  limit  is  essentially  continuous.^ 0 The  second  step  involves  the 
nonselect ive  absorption  of  enough  Infrared  photons  to  dissociate  the  molecule.  1 he  first  step 

is  expected  to  show  r esonances  at  frequencies  corresponding  to  the  absorption  of  one,  two,  or 
25 

three  photons. 

The  dissociation  of  the  SFfe  molecule  has  been  studied  extensively.  We  have  extended  the 
acoustic  spectrophone  technique,  previously  used  on  a CW  basis,  to  the  pulsed  regime  and  have 
used  it  to  measure  the  deposition  of  energy  in  SF^  by  a CO^  TEA  laser  as  a function  of  intensity 
and  laser  frequency. 

rhe  ( O,  TEA  laser  was  a grating  tuned  unit,  producing  100-mJ,  multimode  pulses  at  a 
rate  of  4 Hz.  The  laser  frequency  c < uld  be  varied  from  P(8)  to  PI34)  of  the  10.6 -pm  band;  the 
pulse  energy  was  kept  constant  as  the  frequency  was  varied  by  adding  or  removing  attenuators 
placed  in  the  beam.  The  beam  was  focused  into  the  center  of  a 9-cm-long  x 19-mm-i.d.  pyrex 
cell  having  NaCT  windows  by  a 65-cm  focal-length  lens.  The  measured  spot  size  at  the  focus 
was  1 mm.  The  central  6 cm  of  the  cell  had  a cooling  jacket;  w-hen  cooled  by  a circulating  dry 
ice  and  methanol  mixture,  the  temperature  at  the  center  of  the  cell  was  measured  to  be  208  K. 
An  electret  condenser  microphone  was  suspended  at  the  center  line  of  the  cell.  When  the  cell 
was  filled  with  1 Torr  or  less  of  SF&  and  the  CO.,  laser  beam  was  incident  on  the  cell,  an  output 
pulse  approximately  1 msec  long  was  observed  from  the  microphone.  The  signal  disappeared 
when  the  cell  was  evacuated.  The  acoustic  pulse  is  due  to  a pressure  rise  caused  by  the  heating 
of  the  SF^  gas  when  it  absorbs  energy  from  the  beam;  the  pulse  decays  as  the  gas  thermalizes 
w ith  the  cell  walls.  Acoustic  resonances  of  the  cell  superimposed  high-frequency  oscillations 
on  the  pulse.  The  energy  absorbed  by  the  gas  is  proportional  to  the  acoustic  pulse  amplitude, 
and  so  the  absorption  spectrum  of  SF^  could  be  measured  on  a point-by-point  basis  using  the 
C02  laser  at  various  constant  levels  of  energy. 

Figure  II-9(a)  shows  the  absorption  spectrum  of  0.25  Torr  SF^  at  208  K as  measured 
with  a Spex  0.75-m  double  monochromator.  The  points  indicate  the  location  of  the  CO^  laser 
lines  and  show  how  the  structure  would  be  distorted  by  a point -by-point  laser  measurement. 


t Los  Alamos  Scientific  Laboratory,  Los  Alamos,  NM. 
1 Rome  Air  Development  Center,  Hanscom  AFB,  MA. 


29 


Figures  ll-9(b),  (c),  and  (d)  show  the  acoustic-  signal  vs  frequency  for  0.25  Torn  Si- ^ in  the 
sann-  cell  with  incident  intensities  of  1.2,  6.1,  and  30  MW/cni  , respectively.  In  Mg.  II-9(b) 
the  spectrum  is  similar  to  what  would  be  obtained  by  connecting  the  points  corresponding  to 
CO,  laser  frequencies  in  Mg.  11-9 (a).  As  the  incident  intensity  increases,  the  absorption  on 
the  low-frequency  side  of  the  main  absorption  peak  increases  and  a second  absorption  peak 
appears.  This  sec  ond  peak,  as  well  as  the  increased  absorption  on  the  red  side,  is  believed 
to  be  due  to  multiphoton  excitation  of  higher  lying  levels  of  the  v 3 mode  of  Si-^. 
l or  an  anharmonic  oscillator,  the  energy  levels  G(v^)  are  given  by 


G(v3)  = 


'3V3  4 X33v3 


(11-6) 


where  v^  is  the  vibrational  quantum  number  for  the  u>3  normal  mode,  and  X33  is  the  anharmon- 
icity  constant.  The  zero-point  energy  has  been  set  to  zero.  Nearly  resonant  excitation  to  v = 1, 
2,  3.  . . levels  by  multiphoton  processes  requires  compensation  of  the  anharmonic  defect  X3J; 
this  can  be  accomplished  by  differences  in  the  rotational  energy  of  the  various  transitions  in- 
volved. One  can  interpret  the  peak  at  P(20)  observed  at  high  intensities  as  due  to  either  a two- 
photon  process  involving  a P and  a Q transition,  or  a three-photon  process  involving  P,  Q, 

and  R transitions.  In  either  case,  the  separation  between  the  peaks  can  be  shown  to  be  2 X,,. 

- 1 . , 

This  interpretation  allows  the  anharmonicity  X33  of  SF^  to  be  estimated  as  -1.8  cm  . 1'his 
value  is  in  good  agreement  with  the  results  of  our  spectroscopic  measurements  on  SI which 

yield  X33  = - 1.83  cm'1.  T.  F.  Deutsch 

P.  F.  Moulton 
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III.  MATH  IUA1.S  RESEARCH 


A.  St  RFACK  STATES  ON  TiO , AND  SrTiO} 

Semiconductor  surface  states  play  a key  role  in  the  photoelectrolysis  of  water  in  cells  with 
Ti< ) , and  SrTiO^  anodes.  The  observation  of  quantum  efficiencies  approximating  100  percent 
in  the  photogalvanic  operation  of  such  cells  (when  oxygen  but  no  hydrogen  is  evolvedl  implies 
correspondingly  high  efficiencies  for  the  transfer  of  photogene  rated  holes  from  the  semiconduc- 
tor surface  to  the  oxygen  level  of  the  electrolyte.  Since  this  charge  transfer  takes  place  by 
tunneling,  which  has  an  appreciable  probability  only  between  states  of  the  same  energy,  both 

TiO  and  SrTiO,  must  have  electronic  states  with  the  same  energy  aj  the  oxygen  level.  Ilow- 

“ 3 12 
ever,  according  to  our  energy  level  model  for  photoelectrolysis,  ' neither  the  conduction  nor 

valence  band  states  of  these  materials  are  degenerate  in  energy  with  the  oxygen  level.  In  each 
case,  the  conduction  band  edge  lies  close  to  the  hydrogen  level  of  the  electrolyte;  the  valence 
band  edge  is  located  -2  eV  below  the  oxygen  level,  since  the  bandgap  is  ~3  eV  while  the  oxygen 
level  is  only  -1.2  oV  below  the  hydrogen  level.  Therefore,  efficient  tunneling  requires  the 
existence  of  surface  states  lying  within  the  semiconductor  bandgap.  Evidence  for  such  states 
located  -1.2  eV  below  the  conduction  band  has  been  reported  by  Frank  and  Bard/  who  investi- 
gated the  electrochemical  behavior  of  a TiO^  anode  in  non-aqueous  acetonitrile  solutions  having 
a wide  range  of  standard  potentials. 

In  view  of  the  importance  of  surface  states  in  photoelectrolysis  we  are  using  two  comple- 
mentary techniques  - electron  spectroscopy  and  photovoltage  spectroscopy  - to  investigate  the 
origin  and  behavior  of  these  states  on  TiO^  and  SrTiO^.  Experiments  of  the  first  type  are 
performed  with  the  semiconductor  sample  in  high  vacuum,  while  in  the  photovoltage  experi- 
ments the  sample  is  immersed  in  an  electrolyte  and  functions  as  an  electrode  of  an  electro- 
chemical cell.  We  report  here  the  results  of  an  electron  spectroscopy  study  of  the  surface 
states  produced  on  TiO^  by  Ar-ion  bombardment.  We  also  present  initial  electron  spectros- 
copy data  for  SrTiO^,  and  initial  photovoltage  spectroscopy  results  for  both  TiO.,  and  SrTiO?. 

1.  Two-Dimensional  Phases  Associated  with  Defect  States 
on  the  Surface  of  TiO, 

We  have  performed  a combined  ultraviolet  photoemission  (T'PS),  electron  energy  loss 
(EL.S),  low-energy  electron  diffraction  (LEED),  and  Auger  study  of  defect  states  on  the  surface 
of  TiO^  (rutile)  as  the  defect  density  is  varied  by  Ar-ion  bombardment.  From  these  results, 
we  infer  the  existence  of  three  different  surface  defect  phases.  At  low  defect  densities,  Ar-ion 

bombardment  produces  extrinsic  surface  states  about  0.7  eV  below  the  TiO,  conduction  band 

3+ 

edge  that  are  associated  with  disorder-induced  Ti  /oxygen-vacancy  complexes.  As  the  con- 

3+ 

centration  of  defects  is  increased,  a pairing  of  Ti  ions  similar  to  that  in  Ti^O-j  occurs.  Still 
further  bombardment  produces  ordering  of  the  Ti^  + -ion  pairs  into  a Ti^O^-like  surface  struc- 
ture. These  extrinsic  surface  states  are  distinct  from  the  intrinsic  gap  states  to  be  expected 

4 

on  the  surface  of  TiC>2  due  to  the  truncation  of  the  crystal  potential. 

All  electron  spectra  were  measured  with  a double-pass  cylindrical-mirror  spectrometer. 
Auger  and  EI.S  spectra  were  excited  by  an  electron  beam  coaxial  with  the  spectrometer,  while 
I PS  spectra  were  excited  with  the  Hel  line  (21.2  eV)  from  a microwave  discharge  lamp.  Most 
of  the  EI.S  data  were  taken  with  a primary  enefgy  of  100  eV  at  normal  incidence. 
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The  surface  investigated  was  a (110)  face  of  a Tit  > single  crystal  which  was  polished  and 
etched,  then  cleaned  by  Ar-ion  sputter  etching  and  annealed  at  about  1100  K by  electron  bom- 
bardment in  the  ultrahigh  vacuum  system.  After  annealing,  the  sample  was  deep  blue,  indi- 
cating that  roughly  101  * oxygen  vacancies/cm  5 had  been  produced.5  The  annealed  surface 
exhibited  excellent  (110)  FEED  patterns,  and  no  impurities  were  detected  by  Auger  spectroscopy. 
To  produce  surface  defects,  the  sample  was  then  bombarded  with  500-eV  Ar  ions  incident  at 
about  20”  to  the  surface  plane. 

Figure  Ill-l(a)  shows  the  I PS  spectrum  [photoelectron  distribution  n(E)  vs  initial  energy 
F of  emitted  electrons!  and  the  El.S  spectrum  [derivative  dn(E)/dE  of  the  secondary  electron 
distribution  vs  energy  loss  E]  for  the  annealed  TiO^  (110)  surface.  The  I PS  spectrum  contains 
a weak  peak,  with  its  maximum  at  an  energy  E about  2.  1 eV  above  the  upper  edge  of  the  valence 
band  E ; this  peak  is  due  to  excitation  of  electrons  from  states  lying  in  the  bulk  bandgap  ofTiO^, 
which  is  3.05  eV  (Kef.  5).  These  are  extrinsic  surface  states  associated  with  a small  density  of 
residual  surface  defects,  since  no  such  peak  is  observed  for  vacuum -fractured*  surfaces  of 
either  reduced  or  unreduced  TiO^.  The  Fermi  level  Ep,  lies  near  the  bottom  edge  of  the  bulk 
conduction  band  E . The  structure  in  the  ELS  spectrum  of  Fig.  Ill  - 5 ( a ) reflects  only  three  peaks 
in  n(E),  labeled  13,  C and  D,  that  are  common  to  all  the  surfaces  studied  here  and  arise  from 
oxygen-to-Ti  cross  excitations.5 

Figure  Ill-i(b)  shows  the  spectra  obtained  after  several  minutes  of  Ar-ion  bombardment. 

In  the  UPS  spectrum  the  surface-state  peak  is  50  to  100  times  more  intense  than  on  the  annealed 

surface,  E has  shifted  to  3.2  eV  above  E , E„  has  risen  to  3.9  eV,  and  the  structure  at  E < 0 
s v F 

associated  with  the  valence  band  has  also  changed.  The  ELS  spectrum  now  exhibits  a strong 
peak  (A)  at  about  1.9  eV  that  is  associated  with  d-to-d  transitions  involving  Ti5  ions  (Ref.  6). 

Both  spectra  are  remarkably  similar  to  those  of  vacuum-fractured  Ti^Oy  which  are  shown  by 
the  dotted  curves  in  Fig.  Ill -1  (b).  However,  the  primary-electron-energy  dependence  of  the 
El.S  spectra'  shows  that  ELS  peak  A is  entirely  of  surface  origin  in  bombarded  TiO^,  but 
partly  of  bulk  origin  in  Ti^O^. 

When  the  TiO,  surface  of  Fig.  Ill -1(b)  was  exposed  to  10K  Langmuir  of  oxygen,  the  spectra 
of  Fig.  HI-l(c)  were  obtained.  The  intensity  of  the  UPS  surface-state  peak  has  been  greatly 
reduced,  E has  shifted  back  to  2.5  eV,  and  additional  changes  have  occurred  in  the  valence- 
band  structure.  The  ELS  peak  A is  much  weaker,  but  has  not  completely  disappeared. 

Figure  III  - 2 shows  the  results  of  experiments  in  which  an  annealed  TiO^  surface  was  sub- 
jected first  to  a series  of  Ar-ion  bombardments  (solid  points)  and  then  to  a series  of  oxygen 
exposures  (open  points).  The  abscissa  parameter  tvg,  which  is  a rough  measure  of  the  number 
of  occupied  surface  states,  is  the  integrated  intensity  of  the  UPS  surface-state  peak  (with  a 
linear  background  subtracted)  normalized  to  its  value  at  the  boundary  between  regions  1 and  II 
in  Fig.  HI-2  (see  below).  The  value  of  or  is  lowest  for  the  annealed  surface;  it  is  increased  by 
Ar-ion  bombardment,  and  decreased  by  oxygen  exposure.  Four  quantities  are  plotted  against 

o (a)  the  difference  between  the  work  functions  (determined  from  the  UPS  spectra)  of  the 

s' 

treated  surface  and  the  annealed  surface;  (b)  Ep,  - E^;  (c)  E^  - Ey;  and  (d)  the  amplitude  of 
ELS  peak  A,  normalized  to  that  of  ELS  peak  C (see  Fig.  Ill  - 1 ).  The  last  three  quantities  were 
very  reproducible,  and  data  from  two  independent  runs  are  plotted  in  Fig.  Ill -Z.  The  data  ob- 
tained on  initial  Ar-ion  bombardment  fall  into  three  regions  as  a function  of  a . (The  solid  lines 
shown  in  Fig.  Ill -2  represent  least-squares  linear  fits  to  the  data  within  either  one  or  two  of  the 

tWe  use  the  term  fractured  because  TiC>2  and  Ti^O}  do  not  cleave  well.  The  surfaces  obtained 
were  rough  and  exhibit  poor  LEE!)  patterns. 
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Fig.  Ill  - 2.  Work  function  change  (A4>),  Fermi  level  (Ep  - Ev),  position  of  surface- 
state  UPS  peak  (Es  - Ev),  and  normalized  amplitude  of  ELS  peak  A vs  normalized 
intensity  of  UPS  surface-state  peak  (Og)  for  Ar-ion  bombardment  (solid  points)  and 
subsequent  oxygen  exposure  (open  points)  of  Ti02  (110)  surface.  Arrows  indicate 
sequence  in  which  data  were  taken. 
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regions,  while  the  dashed  lines  are  merely  smooth  curves.)  We  associate  these  three  regions 
(designated  as  1,  II,  and  111)  with  three  different  surface  phases. 

In  region  l (a  ^ < 1),  the  intensity  of  the  r PS  peak  due  to  the  extrinsic  surface  state  in- 
creases by  more  than  a factor  of  10,  but  the  peak  remains  2.3  eV  above  Ev.  The  EI.S  spectra 
in  this  region  change  very  little,  with  no  indication  of  peak  A.  This  shows  that  the  extrinsic 
state  has  no  well-defined  excited  state  with  an  energy  greater  than  about  1.2  eV  (excited  states 
closer  than  1.2  eV  to  the  intense  elastic  peak  could  not  have  been  resolved).  By  a ^ 1 the 

excellent  l.EED  patterns  of  the  annealed  surface  have  virtually  disappeared,  but  the  Auger 
spectra  show  almost  no  loss  of  oxygen.  Thus,  within  region  I the  atomic  arrangement  of  the 
surface  becomes  disordered  without  appreciable  change  in  surface  stoichiometry.  Region  II 
1 < a c 2)  is  characterized  by  the  appearance  of  the  sharp  EI.S  peak  A,  the  shifting  of  the 
L PS  surface-state  peak  away  from  the  valence  hand,  and  a loss  of  oxygen  from  the  surface. 

These  results  indicate  that  a different  type  of  extrinsic  surface  state,  associated  with  surface 
reduction,  is  being  created  in  region  II;  it  has  a ground-state  energy  higher  than  that  of  the 
si  ite  in  region  I and  a well-defined  excited  state.  Region  ill  (as  > 2)  is  defined  by  a decrease 
i vs  Q by  a factor  of  3 and  by  u sharp  decrease  in  A4>.  The  position 
mi!  amplitude  of  El  S peak  A vary  smoothly  through  regions  II  and  III,  and  only  a small  change 
in  the  slope  of  Ej  - Ev)  vs  a . is  seen  at  ag  - 2. 

When  the  heavily  reduced,  disordered  TiO^  surface  (a  > 4)  is  exposed  to  oxygen  at  room 

at  ire.  E,  - E i is  reversible  and  E remains  0.7  eV  below  E„  over  the  entire  range  of 

r v s r 

All  f r " measured  quantities  vary  smoothly  for  o < 2.  Sufficient  exposure  to  oxygen 
. cs  almost  to  /ero.  If  the  surface  is  then  bombarded  with  Ar  ior  ct s is  again  increased, 
m -lie  lata  t — entially  reproduce  the  curves  obtained  during  oxygen  exposure. 

rhe  instant  value  of  (E_,  - E^)  in  region  I indicates  that  the  surface  defects  created  are 
• ••interacting.  However,  the  data  do  not  permit  a determination  of  the  exact  nature  of  these 
!•■•••,  ts.  One  likely  possibility  is  a vacancy  resulting  from  the  displacement  of  an  oxygen  ion 
in  a Ti-Ti  bridge  site  to  another  site,  perhaps  to  a position  over  one  of  the  fivefold  coordi- 
nated  - irfai  e Ti  ions.  This  vacancy  has  an  attractive  Madelung  potential  and  is  capable  of 
trapping  an  electron  to  form  a Ti  /oxygen -vacancy  complex.  The  ground-state  energy  of  this 
i omplex  would  be  below  the  bulk  conduction-band  edge  in  TiO,,  consistent  with  the  observed 
value  of  (E  - Ev). 

The  discontinuities  observed  at  a 1 indicate  the  occurrence  of  a surface  phase  transition, 

S 3+  . 

whii  h we  interpret  as  the  beginning  of  strong  interaction  between  surface  Ti  ions.  At  this 

point,  the  sample  has  been  hit  by  an  average  of  one  Ar  ion  per  surface  unit  cell,  as  determined 

from  measured  ion-beam  parameters.  The  appearance  of  peak  A in  the  EI.S  spectrum  and  the 

i ise  of  (E  - E ) toward  its  value  in  Ti,0,  are  strong  evidence  for  the  formation  of  pairs  of 

Ti  ions  that  share  a common  oxygen  octahedral  face.  The  bonding  and  antibonding  states 

derived  from  the  3d  orbitals  of  such  Ti3*  pairs  constitute  the  conduction  bands  in  Ti^O^  (Ref.  8), 

and  we  believe  that  EES  peak  A is  due  to  a transition  between  such  pair  states.  We  attribute 

the  onset  of  pairing  at  a - 1 to  the  Madelung  destabilization  of  the  TiO,  surface  structure  due 

s 3 4.  £ 

to  the  presence  of  a high  density  of  surface  Ti  and  O ions  (Ref.  9).  The  surface  is  then 
stabilized  by  a loss  of  oxygen  and  the  displacement  of  some  of  the  Ti3+  ions  into  empty  octa- 
hedral sites  that  exist  1.6  A below  the  unreconstructed  TiO^  (110)  surface,  forming  Ti^O^-like 
Ti  5 r pairs. 
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As  the  density  of  Ti  1 ’ pairs  increases,  a cooperative  phase  transition  associated  with  the 
ordering  of  the  pairs  occurs  at  o 2.  In  effect,  small  areas  of  Ti^O^  begin  to  form  on  the 
surface,  causing  the  average  work  function  to  decrease  toward  the  lower  values  that  we  have 
observed  for  vacuum-fractured  Ti,Oj.  The  value  of  ( Eg  - Ev)  continues  to  rise  in  region  III 
as  more  Ti  * pairs  are  created  at  the  expense  of  the  defects  present  in  region  I.  After  long 
Ar-ion  bombardment  times,  a . reaches  a constant  value  of  4 to  5.  At  this  point,  the  I PS  and 
Kl.S  spectra  are  almost  indistinguishable  from  those  of  Ti^Oj  [see  Fig.  III-l(b)],  confirming 
the  similarity  of  the  two  surface  structures.  Furthermore,  vacuum-fractured  single -crystal 
Ti,t)j  follows  oxidation  curves  similai  to  those  for  heavily  ion-bombarded  TiO^,  providing 
additional  evidence  for  this  similarity. 

2.  Electron  Spectroscopy  of  SrTiOj  Surfaces 

Initial  studies  of  SrTiO  ^ have  been  performed  on  annealed  lilt)  surfaces  that  yield  I.EED 
patterns  indicating  a high  degree  of  surface  order.  The  UPS  and  EI.S  spectra  obtained  for  such 
a surface  are  plotted  in  Fig.  Ill  - 3(  a).  The  UPS  data  show  that  the  Fermi  level  Ej7  lies  3.15  eV 
above  the  valence  band  edge.  Since  the  room-temperature  bandgap  of  SrTiO^  is  3.17  eV  (Hef.10), 
this  implies  that  the  sample  is  n-type,  presumably  because  of  bulk  reduction  that  occurred  dur- 
ing annealing.  (Reduced  samples  were  also  used  in  the  photoelectrolysis  experiments  reported 
previously.2  I A peak  due  to  an  electronic  state  lying  within  the  bulk  bandgap  of  SrTiO  ^ is  ob- 
served in  the  UPS  spectrum  at  an  energy  E , that  is  0.9  eV  below  Ep.  The  ELS  spectrum  shows 
the  existence  of  low-lying  excited  states  at  1.6  and  3.0  eV,  as  well  as  peaks  at  5.6,  8.2,  and 
13.5  eV  associated  with  O-Ti  cross  transitions/’ 

Significant  changes  in  the  electron  spectra  take  place  when  the  annealed  SrTiOj  surfaces 
are  exposed  to  oxygen.  The  FEED  patterns  have  a slightly  higher  background  intensity,  pre- 
sumably due  to  the  presence  of  randomly  adsorbed  oxygen.  Figure  111  - 3(b)  shows  the  UPS  and 
EFS  spectra  obtained  for  the  sample  of  Fig.  Ill- 3(a)  after  an  O,  exposure  of  10^  Fangmuir. 

The  peak  at  E , in  the  t PS  spectrum  has  disappeared,  and  Ep  has  dropped  to  2.8  eV  above  Ev> 
slightly  below  the  bottom  edge  of  the  bulk  conduction  band.  Since  Ep  still  lies  above  Eg,  the 
absence  of  photoemission  at  Eg  shows  that  the  state  responsible  for  the  peak  at  this  energy  has 
been  removed  by  the  interaction  of  the  surface  with  adsorbed  oxygen,  and  therefore  that  this  is 
a surface  state.  The  ELS  peaks  at  1.6  and  3.0  eV  decrease  in  intensity  with  exposure  to  oxygen, 
indicating  that  they  are  associated  with  the  surface  state.  The  O-Ti  cross  transitions  are  also 
modified  by  oxygen  adsorption,  with  an  additional  peak  at  10.9  eV  appearing  in  the  EFS  spectrum. 

As  pointed  out  above,  the  efficient  charge  transfer  between  the  semiconductor  anode  and 
electrolyte  that  takes  place  during  photoelectrolysis  requires  the  existence  of  surface  states 
lying  within  the  semiconductor  bandgap.  The  SrTiO,  surface  state  revealed  by  UPS  is  located 
at  an  energy  that  would  permit  it  to  participate  in  charge  transfer.  In  order  to  obtain  further 
information  concerning  the  role  of  this  or  other  surface  states  in  photoelectrolysis,  the  effect 
of  surface  disorder  and  adsorbed  molecules  (e.g.,  H,0,  H^l  on  SrTiOj  surfaces  will  be  studied 
by  electron  spectroscopy,  and  the  results  will  be  correlated  with  those  obtained  in  photoelec- 
t roly. sis  experiment.-  on  SrTiOj  electrodes  with  similar  surfaces. 

3.  Photovoltage  Spectroscopy  of  TiO^  and  SrTiO j Surfaces 

To  study  the  electronic  states  on  TiO^  and  SrTiOj  surfaces  while  they  are  immersed  in  an 
electrolyte,  in  situ  measurements  are  being  made  of  the  open-circuit  AC  photovoltage  generated 
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Fig.  Ill  — i . Wavelength  dependence  of  relative  AC  photovoltage  generated 
between  polycrvstalline  Ti<)2  anode  and  Pt  cathode  when  TiO^  was  ex- 
posed to  chopped  radiation  with  photon  energies  less  than  its  energy  gap. 
Curves  (a)  and  (b)were  obtained  with  electrodes  immersed  in  10  M NaOH 
electrolyte  saturated  with  and  0->.  respectively. 


between  the  semiconductor  anode  and  platinum  cathode  of  an  electrochemit  al  cell  when  the  anode 
is  exposed  to  chopped  radiation  with  photon  energies  less  than  the  energy  gap.  Initial  results 
for  a poly  cry  stalline  TiO,  anode  are  shown  in  I ig.  11 1 - 4.  where  the  relative  photovoltage  gener- 
ated acros  a 1C)7  load  resistor  at  a chopping  frequency  of  -to  Hz.  is  plotted  against  photon 
energy.  Similar  results  are  obtained  with  single-crystal  anodes.  The  photovoltage  decreases 
smoothly  with  decreasing  photon  energy,  except  in  the  region  of  1.2  to  1.4  eVr.  We  attribute  the 
structure  observed  in  this  region  to  transitions  involving  a surface  state,  as  suggested  by  the 
fact  that  the  magnitude  of  the  structure  depends  on  whether  the  electrolyte  is  saturated  with  ni- 
trogen or  with  oxygen.  A surfat  e date  located  1.2  to  1.4  eV  below  the  conduction  band  of  TiO^ 
could  participate  in  charge  transfer  between  the  a node  and  the  oxygen  level  of  the  electrolyte. 

Similar  photovoltage  results  in-  obtained  with  SrTiO}  anodes,  hut  in  this  case  the  effects 
of  chemisorbed  oxygen  are  more  iconoui,  ■ i ,ind  varied,  probably  because  of  the  larger  band 
bending  at  the  SrTiOj-electrolvte  intei  ' c <•"  I photon  energies  between  about  0.9  and  2 eV, 
exposure  of  the  electrolyte  to  oxygen  n • a large  positive  photovoltage  with  some  samples, 

and  a large  negative  photovoltage  with  othe-  - In  nreliminary  experiments,  we  have  observed 
a correlation  between  the  sign  and  magnitude  the  pnotovoltage  and  the  efficiency  of  photo- 
electrolvsis  with  the  same  anode.  This  behavior  will  be  investigated  further  by  making  mea- 
surements on  samples  that  have  been  characterized  both  by  electron  spectroscopy  and  by  a 


variety  of  analytical  techniques. 


(I.  IJvesselhaus  .1.  G.  Mavroides 

V.  E.  lienrich  H.  J.  Zeiger 

D.  F.  Kolesar 


H.  SELECTIVE  BLACK  ABSORBERS  I S!\'(;  MgO  Au  CERMET  I'll  MS 

In  solar  collectors,  an  absorber  is  used  to  convert  solar  radiation  into  thermal  energy  that 
is  transferred  from  the  absorber  to  a working  fluid  such  as  water  or  air.  The  conversion  effi- 
ciency is  limited  by  thermal  losses  from  the  heated  absorber  due  to  conduction,  convection, 
and  radiation.  Since  the  thermal  radiation  emitted  by  objects  at  terrestrial  temperatures  is 
concentrated  in  the  infrared  region  of  the  spectrum,  radiation  losses  can  be  reduced  by  using 
selective  black  absorbers  that  have  low  infrared  emittance  but  still  have  high  solar  absorption. 
Although  in  principle  a single  material  could  have  both  these  properties,  the  selective  black 
surfaces  now  available  are  composites  prepared  by  coating  a metal  having  high  infrared  reflec- 
tivity (i.e.,  low  infrared  emittance,  by  Kirchoff's  law)  with  a thin  film  that  is  transparent  in  ihe 
infrared  but  highly  absorbing  in  the  visible,  where  solar  radiation  is  concentrat'  1. 

Several  types  of  thin  films  with  optical  properties  suitable  for  preparing  selective  black 
surfaces  are  now  available.  However,  they  are  not  stable  at  the  absorber  operating  tempera- 
tures required  for  solar/thermal/electric  conversion,  which  may  range  from  400”  to  1000°C. 
Thus,  Xi-black  and  Cu-black  are  unstable  above  200  C,  and  Cr-black  is  not  stable  much  above 
300°C.  Although  the  properties  of  Cr-black  are  not  well  understood,  our  x-ray  diffraction  data 
for  this  material  suggest  that  it  is  a cermet  film  consisting  of  polvcrystalline  C r,Oj  and  amor- 
phous Cr  metal.  If  this  is  the  case,  the  failure  of  Cr-black  at  elevated  temperatures  may  result 
from  the  crystallization  of  the  Cr  or  from  its  oxidation,  which  occurs  at  350”C  in  air.  In  an 
attempt  to  avoid  these  problems,  we  are  investigating  the  preparation  of  selective  black  sur- 
faces with  a coating  of  the  cermet  MgO/Au,  which  might  be  expected  to  exhibit  better  high- 
temperature  stability  because  the  Au  metal  is  present  in  crystalline  form  and  does  not  oxidize 
in  air. 


41 


1 c 20  50  100 

WAVELENGTH  (pm) 


Fig.  Ill  - 5.  Transmission  (solid  curve)  and  reflectivity  (dashed  curve) 

measured  for  1500-A-thick  MgO/Au  film  on  BaF2,  compared  with 
calculated  points  representing  best  fit  obtained  for  model  using  three 
L.orentzian  oscillators  to  represent  optical  properties  of  film. 
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Fig.  Ill -6.  Wavelength  dependence  of  refractive 
index  n and  extinction  coefficient  k calculated 
for  MgO/Au  film  from  transmission  and  reflec- 
tivity data  of  Fig.  Ill -5. 
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fine-grained  MgO/Au  films  were  prepared  by  KF  sputtering  from  a hot-pressed  12.7-cm- 
diameter  composite  target  containing  75  vol";  VI gC ) and  25  vol°'  An.  (A  detailed  description 
of  the  preparation  technique  has  been  reported  previously.  ) Sputtering  was  performed  at 
13.56  MHz  in  Ti-purified  Ar  gas  at  7 x 10  * Tore  (N,  equivalent).  The  films  were  deposited 
at  a rate  of  about  50  A/min.  on  various  metal  substrates  that  were  placed  on  a water-cooler! 
stainless-steel  platform.  Some  films  were  deposited  on  single-crystal  Hal  , substrates  in 
order  to  permit  evaluation  of  their  optical  properties.  Transmission  electron  microscope 
studies  showed  that  the  films  consist  of  discrete  MgO  and  Au  crystallites  ranging  in  size  from 
about  10  to  200  A. 

Figure  111 -5  shows  the  wavelength  dependence  of  the  optical  transmission  (solid  line  and 
reflectivity  (dashed  line)  measured  for  a 1500-A-thick  MgO  Au  film  on  Hal  The  'lata  have 
been  fitted  to  a go<Ki  apnroxiniation  by  representing  the  complex  dielectric  constant  of  the  dim 
in  terms  of  the  sum  of  three  Lorentzian  oscillators,  and  by  using  a multilayer  matrix  formula- 
tion to  take  account  of  the  fact  that  the  observed  properties  are  those  of  a film-BaF,  composite. 
A nonlinear  minimization  routine  was  utilized  to  determine  the  adjustable  parameters  of  the 
three  oscillators  that  would  yield  the  best  fit  to  the  data.  The  results  of  the  calculation  are 
represented  by  the  open  (reflectivity)  and  closed  (transmission)  points  plotted  in  Fig.  111-5. 

Figure  III-6  shows  the  wavelength  dependence  of  the  refractive  index  n and  extinction 
coefficient  k calculated  for  the  MgO/Au  film  from  the  transmission  and  reflectivity  data  of 
Fig.  Ill -5.  The  absorption  coefficient  ji  4rk/A,  where  A is  the  wavelength,  is  plotted  in  the 

O 

inset.  The  values  of  /j  are  such  that  a film  1500  A thick  will  absorb  almost  all  the  solar  radi- 
ation, but  will  transmit  almost  all  the  infrared  radiation  at  wavelengths  longer  than  4 pm. 
Therefore,  good  selective  black  absorbers  should  be  obtained  by  depositing  Vigo  Au  films  on 
metals  with  high  infrared  reflectivity.  This  expectation  has  been  confirmed  by  measuring  the 
spectral  reflectivity  R(Ai  for  surfaces  obtained  by  depositing  1500-A-thick  MgO  Au  films  on 
copper,  aluminum,  304  stainless  steel,  and  304  stainless  steel  coated  with  a molybdenum  film 
1000  A thick.  The  solar  absorptivity  a and  infrared  emissivity  r are  defined  respectively  as 


f 2.5  pm 
0.25  pm 


1 - R(A)  ] Am(A)  dA 


A u)  clA 
'0.25  pm  m 


and 


/ iTnT  H-  R(A))WH(TH,A)dA 

/iTw® 

where  A (A)  is  the  solar  radiation  spectrum  at  air  mass  2,  and  \\.,(A)  is  the  blackbody  radia- 
m 1 * 

tion  function  for  a temperature  Tp  of  121°C’.  In  every  case,  n was  between  0.90  and  0.93.  The 

value  of  r was  determined  by  the  infrared  reflectivity  of  the  substrate,  and  ranged  from  0.04 

for  copper  to  0.1  for  stainless  steel. 

To  investigate  the  stability  of  the  MgO/Au-metal  composites,  spectral- re  Recti  vity  mea- 
surements were  repeated  after  the  samples  had  been  heated  in  ambient  air  for  several  days  at 
various  temperatures.  The  film-copper  samples  are  stable  only  to  about  200'C.  while  the 
optical  pi  operties  of  those  prepared  with  stainless  steel  and  aluminum  begin  to  degrade  above 
about  300"C.  In  these  cases,  a decreases  hut  f does  not  change  substantially.  The  optical 
properties  obtained  by  depositing  MgO/Au  films  on  stainless  steel  coated  with  1000-A-thick 
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Fig.  Ill -7.  Reflectivity  measured  before  and  after  heating  for  sample  prepared 
by  depositing  MgO/Au  film  on  molybdenum -coated  stainless  steel. 


molybdenum  are  stable  up  to  400',C',  as  shown  by  Fig.  Ill -7 . which  compares  the  reflectivities 
measured  f r a sample  that  was  not  heat  treated  and  for  a sample  that  had  been  heated  in  air 
to  400 ®C  for  64  hr.  Although  the  spectra  differ  slightly,  a is  0.93  for  both  samples  and  f is 
essentially  the  same.  Degradation  began  to  occur  when  similar  samples  were  heated  to  500°C 
which  caused  o to  decrease  without  changing  e.  Examination  of  the  samples  with  a scanning 
electron  microscope  revealed  crack  formation  and  subsequent  surface  aggregation,  which  did 
not  occur  for  samples  heated  to  only  400°C‘.  These  observations  suggest  that  t'.e  degradation 
at  SOOT  resulted  from  differences  in  the  thermal  expansion  coefficients  of  the  materials. 

.1.  C.  C.  Fan 

P.  M.  Zavracky 
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I\  . MIC  ROE  L EC  T HON  I C S 


A.  I HARGE-COI  PLED  DEVICES 

in  a previous  report,*  we  noted  that  a phosphorous  gettering  step  at  the  end  of  the  fabrication 
process  appeared  to  be  of  benefit  in  lowering  the  dark  current  in  the  CCD  imaging  arravs  being 
developed  for  the  GEODSS  (Ground  Electro-Optical  Deep  Space  Surveillance)  Program.  At  that 
time,  dark  currents  as  low  as  5 nA/cm^  had-been  measured  on  gate-controlled  diodes  which  are 
included  on  the  chip  next  to  the  30  x 30  CCD  imaging  array.  Dynamic  tests  on  the  CCD  itself 
were  begun  to  verify  the  dark  currents  predicted  by  the  gated-diode  measurements.  Enfortu- 
natelv,  the  device  yield  on  the  gettered  wafer  was  quite  low,  and  only  a very  limited  amount  of 
data  could  be  obtained. 

The  dark  current  was  measured  on  these  devices  bv  the  usual  method  of  holding  the  clock 
lines  at  a fixed  DC  level  for  a period  of  time  in  order  to  collect  the  thermally  generated  charge 
in  the  CCD.  The  normal  clocking  sequence  is  then  started,  and  the  collected  charge  is  trans- 
ferred out  of  the  device.  On  the  tested  devices,  only  the  32 -bit  output  register  was  functioning, 
and  the  data  discussed  here  were  obtained  on  that  part  of  the  device. 

The  room-temperature  dark  current  on  the  best  devices  W'as  relatively  uniform  from  well- 
to-well,  with  the  exception  of  a few  wells  having  dark  currents  in  excess  of  150  nA/cm  . A 
comparison  was  made  between  the  lowr,  uniform  dark  currents  in  the  CCD  and  the  dark  currents 
from  the  gated  diodes  biased  to  the  same  potentials.  Of  two  devices  so  tested,  dark  currents 
of  27  and  36  nA/cm“  were  measured  on  the  CCD,  compared  w'ith  18  and  35  nA/cm  , respec  - 
tively. from  the  gated  diodes.  This  correlation  gives  added  confidence  to  the  gated  diode  mea- 
surements as  indicators  of  the  average  CCD  dark  current.  However,  since  the  gated  diodes 
cover  an  area  equal  to  about  60  CCD  W'ells,  localized  dark-current  spikes  cannot  be  detected  in 
such  measurements.  B E-  Burke 

W.  H.  McGonagle 

B.  ALIGNMENT  OF  THE  100-  x 400-ELEMENT  ARRAYS 

FOR  THE  GEODSS  CCD  SENSOR 

The  design  of  the  sensor  for  use  at  the  prime  focus  of  the  31  -in.  telescope  being  used  in 
the  GEODSS  Program  was  described  in  an  earlier  report  (see  p.  46  in  Ref.  1).  It  is  a hybrid 
integrated  circuit  utilizing  16  charge-coupled-device.  100-  x 400-element  imaging  arrays 
mounted  on  an  alumina  substrate.  Each  array  is  contained  on  a 0.135-  x 0.516-in.  chip.  This 
hybrid  sensor  is  shown  in  Fig.  IV-1.  The  alignment  requirements  for  this  sensor  are  such  that 
a column  of  sensing  elements  on  any  one  chip  must  align  with  the  appropriate  column  on  all  chips 
above  and  below  it  within  0.0004  in.  (0.4  mil).  It  is  further  required  that  the  center  lines  of  all 
chips  must  not  vary  more  than  0.03°  from  parallelism. 

The  chip  alignment  tolerances  are  impossible  to  achieve  with  normal  mounting  techniques, 
so  a specialized  mounting  procedure  had  to  be  developed.  A measuring  coordinator  (designed 
for  the  inspection  of  machined  parts)  capable  of  being  positioned  to  better  than  0.2  mil  in  x and 
y has  been  modified  so  that  its  inherent  accuracy  can  be  utilized  in  the  chip  placement  process. 

A borosilicate  glass  vacuum  chuck  has  been  designed  and  fitted  to  the  coordinator  stylus.  Each 
chip  is  picked  up  at  a locating  and  aligning  station  adjacent  to  the  substrate,  and  is  then  pre- 
cisely located  over  a predetermined  position  on  the  substrate  which  has  been  coated  with  an 
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Fig.  I V - 1 . Section  of  16-chip  hybrid  sensor  showing  several  of  100-  x 400-element 
CCD  imaging  arrays.  Each  column  on  an  individual  device  must  be  aligned  within 
0.0004  in.  of  corresponding  columns  on  all  devices  above  and  below  it.  Grids  on 
each  device  must  be  parallel  with  grids  on  all  other  devices  within  0.03". 

anerobir,  quick-setting  adhesive.  The  chip  is  lowered  to  the  substrate  and  held  in  position  for 
3 min.,  allowing  the  adhesive  to  set.  The  vacuum  is  then  released  and  the  chuck  lifted  off  the 
chip  with  a micrometer-type  screw.  This  procedure  allows  the  accurate  placement  of  each 
chip  at  a known  coordinate  location  on  the  substrate,  which  insures  that  the  tolerance  require- 
ments are  met  and  the  chip  is  replaceable,  if  necessary. 

The  above  procedure  requires  that  the  CCD  chips  be  precisely  sawed  from  the  wafer,  accu- 
rate and  square  to  within  0.1  mil.  Several  problems  have  developed  in  our  efforts  to  attain  this 
precision  which  approaches  the  state  of  the  art.  Blade  vibration  caused  by  the  shaft  bearing 
makes  it  very  difficult  to  accurately  define  and  position  the  magnified  edge  of  the  saw  during 
rotation.  Further,  the  thermal  expansion  of  the  shaft  supporting  the  saw  blade  results  in  a loss 
of  parallelism  in  test  pieces.  Renovation  of  the  saw  including  the  installation  of  an  improved 
shaft  bearing  is  under  way,  and  is  expected  to  permit  chips  to  be  cut  to  the  specification  of 
±0.1  mil. 

Dimensional  characterization  of  both  the  individual  chip  and  the  16-chip  layout  has  been 
facilitated  by  the  fitting  of  a high-precision,  specially  selected  x-y  stage  to  our  profile  pro- 
jector. Procedures  have  been  developed  which  enable  us  to  obtain  reproducible  digital  read- 
outs (under  200X  magnification)  to  within  50  microinches.  By  selecting  the  mechanical  test 
chips  most  nearly  meeting  dimensional  specifications  arid  utilizing  the  procedures  described 
above,  we  have  aligned  and  attached  16  chips  on  a 2 x 2 alumina  substrate  within  the  specified 
0.4-mil  tolerance  in  both  the  x and  y axes.  This  accuracy  is  based  on  edge  measurements. 


T.F.  Clough 
L.  L.  Grant 
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I . HIGH-EFFICIENCY  ION  IMPI.ANTED  GaAs  IMPATT  DIODES 

A DC-to-RF  conversion  efficiency  of  37  percent  combined  with  an  output  power  of  3.4  W 
has  been  obtained  at  3.3  GHz  from  a Schottky-barrier  GaAs  IMPATT  diode  having  an  implanted 
lo-hi-lo  profile.  The  donor  spike  was  produced  by  implanting  silicon  into  an  epitaxial  layer 
with  an  n-type  concentration  of  1.65  x 10* '’cm  \ This  implantation  technique  has  resulted  in  a 
very  high  vield  of  lo-hi-lo  profile  devices  with  efficiencies  greater  than  30  percent. 

The  materia!  and  device  fabrication  procedures  for  these  diodes  have  been  described  pre- 
viouslv,  and  the  recent  results  of  RF  measurements  on  these  devices  are  presented  in  this  re- 
port. Measurements  were  made  in  a coaxial  circuit  using  two  quarter-wavelength  transformers 
for  tuning.  The  heat  sink  for  the  devices,  a l-in.-diameter  ropper  stud,  was  air  cooled.  The 
best  results,  measured  on  an  individual  device  from  four  of  the  five  wafers  processed,  arc 
given  in  Table  IV-t.  The  first  two  devices  in  the  table  are  from  wafers  taken  from  different 

regions  of  an  epitaxial  slice  which  had  a background  carrier  concentration  of  1.75  x 10  cm 

12-2  . + 

The  two  wafers  were  given  implant  doses  of  3.2  and  3.6  x 10  cm  ",  respectively.  The  Si 
ion  energy  was  250  keV  for  both  implants.  As  was  expected,  the  lower  dose  results  in  a larger 
depletion  width,  higher  breakdown  voltage,  and  a lower  optimum  frequency.  For  this  epitaxial 
laver  carrier  concentration,  the  lower  dose  yielded  the  higher  efficiency.  The  third  and  fourth 
devices  in  Table  IV- 1 are  on  wafers  from  an  epitaxial  slice  with  a background  concentration  of 
1.65  x 10  cm”  . The  two  wafers  were  implanted  with  doses  of  3.2  and  3.5  x 10  cm  ”,  re- 
spectively. With  the  slightly  lower  background  density  of  this  epitaxial  slice,  both  dose  levels 
result  in  devices  with  a larger  depletion  width,  higher  breakdown  voltage,  and  lower  opti- 
mum frequency  than  the  values  measured  for  the  previous  wafers.  On  wafers  from  the 
1.65  x lo'"1  cm”  ? slice,  the  higher  dose  yielded  the  higher  efficiency.  The  maximum  efficiency 
of  37  percent  shown  in  Table  IV-1  was  obtained  at  a current  of  65  mA  and  an  operating  voltage 
of  1 40  V. 


TABLE  IV-1 

RF  TEST  ’ESULTS  OBTAINED  FROM  ION  IMPLANTED  LO-HI-LO  GaAs  IMPATT  DIODES'f 


Epitaxial 

Layer 

Carrier 

Density 

(>  10^5  cm-3) 

Implant 

Doset 

(X  1012  cm"2) 

Reverse 

Voltage 

at 

1 mA 

(V) 

RF 

Output 

Power 

(W) 

Frequency 

(GHz) 

DC-to-RF 

Efficiency 

(percent) 

1.75 

3.2 

101 

3.0 

3.7 

32 

1.75 

3.6 

55 

1.7 

4.7 

26 

1.65 

3.2 

CO 

o 

2.6 

2.8 

28 

1.65 

3.5 

104 

3.5 

3.3 

37 

t These  are  the  best  results  from  four  different  wafers.  The  devices  were  tested  in  a coaxial  circuit 
and  were  air  cooled. 

t All  implantations  were  made  using  250-keV  Si+  ions. 


In  Tabic  IY-2  the  spread  or  the  RF  results  for  two  of  the  wafers,  one  from  each  epitaxial 
layer  concentration,  is  given.  The  group  of  five  diodes  is  from  a wafer  which  includes  the 
second  device  of  Pablo  IY-1,  and  all  had  similar  performance.  Four  out  of  the  five  devices  had 
effii  iences  in  the  range  20  to  Z>.  percent.  The  group  of  19  devices  in  Table  IV-2  is  on  the 
wafer  which  includes  the  fourth  device  of  Table  IV-1.  These  19  devices  were  picked  at  random 
from  the  70  diodes  having  a hard  breakdown  (reverse  leakage  <10  pA  at  1 V below  breakdown)  on 
that  wafer.  All  but  one  of  these  devices  performed  at  petter  than  30  percent  efficiency,  and 
three  performed  at  better  than  39-percent  efficiency. 


TABLE  IV-2 

UNIFORMITY  OF  DC-TO-RF  EFFICIENCY  FOR  TWO  GROUPS  OF  DEVICES 
FABRICATED  FROM  TWO  DIFFERENT  IMPLANTED  WAFERS 

Number 

of 

Diodes 

Tested 

Reverse 

Voltage 

at 

1 mA 

(V) 

Output 

Power 

(W) 

Frequency 

(GHz) 

Number  of  Diodes  with  Efficiency 
Greater  Than  (percent) 

20 

25 

30 

35 

5 

49  to  55 

1.0  to  1. 7 

4.  7 to  5.  0 

4 

2 

0 

0 

19 

85  to  104 

2.8  to  3.5 

3.2  to  3.6 

19 

19 

18 

3 

It  is  a result  of  the  control  provided  bv  the  implantation  technique  that  37-percent  efficiency 
has  been  achieved  for  a diode  on  onlv  the  fifth  wafer  to  be  processed.  In  addition,  improvements 
of  the  already  quite  high  device  yields  should  be  possible.  Better  control  of  nitride  thickness 
and  uniformity,  or  implantation  into  a bare  surface  followed  by  encapsulation  should  yield  better 
device  uniformity.  Moreover,  the  implant  energy  has  not  been  optimized,  liven  without  further 
improvements,  however,  these  results  indicate  that  silicon  implantation  can  be  used  to  produce 
lo-hi-lo  IMPATTS  with  higher  device  yields  and  efficiencies  than  have  been  achieved  with  epi- 
taxial techniques.  c.  O.  Bozler  R.  W.  I.aton  (Group  3 3) 

J.  P.  Donnelly  R.  W.  Sudbury  (Group  33) 

R.  A.  Murphy  W.  T.  Findley 

I).  DOUBLE -RETICLE  TECHNIQUE  FOR  ELIMINATING  PHOTOREPEATEI) 

DEFECTS  IN  PHOTOMASKS  FOR  LSI 

As  the  die  size  for  LSI  circuits  grows  larger  and  the  circuits  more  complex,  fabricating 
masks  free  of  photorepeated  defects  becomes  more  difficult.  These  defects  are  often  the  re- 
sult of  dirt  or  emulsion  defects  in  the  clear  areas  of  the  10X  reticle.  Since  we  are  using  chrome 
photoplates  sensitized  with  positive  photoresist,  defects  as  small  as  6 pm  on  the  reticle  can  be 
resolved  at  0.1X,  and  therefore  cannot  be  tolerated.  Furthermore,  a die  size  of  1 4 in.  implies 
a 6-in.^  area  on  the  reticle  which  must  be  free  of  dirt  and  defects.  The  dirt  can  be  removed  by 
a tedious  inspection  and  cleaning  procedure,  but  the  gel  slugs  inherent  in  the  silver  halide  emul- 
sion used  for  the  10X  reticle  are  not  removable.  Further,  they  seem  to  be  more  opaque  at  the 
ultraviolet  wavelengths  used  for  photoresist  exposure  than  under  the  visible  light  used  for  in- 
spection, a phenomenon  which  further  complicates  the  inspection  problem.  Our  experience 
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indicates  that  high-resolution  emulsion  photoplates  typically  have  a minimum  of  two  to  four  de- 
fects per  square  inch,  which  makes  it  almost  impossible  to  find  one  with  no  defects  in  a 6-in. 
area. 

In  order  to  minimize  the  effect  of  these  defects  and  to  significantly  reduce  the  amount  of 
inspection  and  cleaning  necessary,  we  have  devised  a technique  of  re-exposing  the  clear  areas 
with  a second  reticle  with  slightly  oversized  geometries.  This  method  is  analogous  to  the 
double-masking  technique  sometimes  used  to  combat  similar  problems  when  performing  photo- 
resist operations  at  the  wafer  level.  This  second  exposure  removes  any  images  caused  by  dirt 
or  gel  slugs  on  the  first  reticle,  except  immediately  adjacent  to  the  patterns.  Any  defects  on 
the  second  reticle  will  not  reproduce  because  the  underlying  photoresist  has  already  been  ex- 
posed. It  is  possible  for  defects  on  the  two  reticles  to  coincide,  but  this  is  highly  unlikely. 

However,  when  we  are  dealing  with  projected  images  near  the  diffraction  limit  of  the  lens, 
some  unique  problems  arise.  In  order  to  avoid  overexposing  the  photoresist,  the  exposure  time 
for  each  reticle  must  be  reduced  somewhat,  and  the  oversized  reticle  must  be  exposed  after  the 
normal  reticle  has  been  exposed.  The  exposure  time  is  less  because  some  light  from  the  over- 
sized reticle  finds  its  way  into  the  nominal -sized  patterns  from  diffraction  and  scattering  in 
the  optical  system,  from  scattering  in  the  photoresist  itself,  and  from  scattering  and  reflection 
from  the  chrome.  Also,  the  optical  response  of  the  positive  photoresist  used  is  nonlinear  — that 
is,  the  initial  exposure  has  a greater  effect  upon  the  resist  than  do  later  equal  exposures  — and 
the  stray  light  mentioned  above  has  a greater  effect  if  the  oversized  reticle  is  used  first. 

Using  Nikon  Ultra-Micro-Nikkor  1/10X  and  1/5X  g/h-line  lenses,  we  have  made  the  pat- 
terns on  the  oversized  reticle  (10X  or  5X)  0.002  in.  larger  (0.001  in.  in  each  direction)  than  the 
normal-sized  patterns.  With  a projected  image  size  of  0.00015  in.  (3.8  pm),  we  have  found  it 
necessary  to  reduce  exposure  time  for  each  reticle  by  30  to  40  percent  from  our  normal  setting. 
With  black  chrome  or  iron  oxide  photoresist  sensitized  plates,  or  with  larger  patterns,  the  re- 
duction in  exposure  time  ranges  from  0 to  30  percent. 

This  technique  has  been  used  for  the  fabrication  of  masks  for  the  Lincoln  Ef’L  Gate  Array. 
This  device  uses  a 0.237-  x 0.238-in.  die,  and  contains  1864  bipolar  transistors  and  their  as- 
sociated diffused  resistors.  The  minimum  linewidth  for  the  device  is  0.00015  in.  The  reticles 
for  certain  layers  were  almost  100-percent  clear  field,  and  the  typical  reticle  for  these  layers 
contained  20  to  30  emulsion  defects.  This  defect  level,  combined  with  a long  pattern  generator 
running  time,  had  made  it  virtually  impossible  to  get  a useable  reticle  (i.e.,  one  with  all  defects 
in  benign  locations).  With  the  new  double- reticle  technique,  almost  any  two  reticles  from  the 
pattern  generator  (one  with  nominal  geometries  and  one  with  oversized  geometries)  could  be 
used  to  make  a useable  mask  with,  at  most,  one  or  two  photorepeated  defects. 

This  double-reticle  technique  is  rapidly  becoming  a standard  procedure  for  any  of  our 
work  which  requires  a positive  clear  field  reticle,  and  even  for  some  negative  masks  with  un- 
usually large  clear  areas.  We  have  almost  eliminated  the  problems  associated  with  gel  slugs, 
and  reticle  cleaning  is  much  less  tedious.  This  technique  tolerates  a reasonable  number  of 
defects  and  particulates,  and  only  the  edges  of  the  geometries  on  the  normal-sized  reticle  need 
be  defect  and  contamination  free.  j gmythe 

T.  Herndon  (Group  2 3) 
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V.  SL' R FACE-WAVE  TECHNOLOGY 


A.  CONTINUOUSLY  VARIABLE  - DELAY- LINE  SYSTEM 

A continuously  variable-delay-line  system  using  surface-aeoustie-wave  dispersive  delay 
lines  in  the  reflective-array-compressor  (RAC)  configuration1  has  been  designed  and  developed 
for  the  satellite  communications  program.  The  system  is  intended  for  adaptive  cancellation  of 
multipath  signals  arriving  up  to  30  psec  after  the  direct  signal.  A configuration  particularly 
well  suited  for  this  application  uses  a pair  of  dispersive  delay  lines  operating  in  cascade,  two 
mixers,  and  a voltage-controlled  oscillator  (VCO).  Delay  variations  are  obtained  by  suitably 
changing  the  VCO  control  voltage.  Considerations  of  bandwidth  and  diversion  for  such  a sys- 
tem show  that  devices  with  relatively  large  time-bandwidth  products  are  needed  for  implement- 
ing variable  delay  lines  in  this  manner.  Variable  delay  lines  employing  dispersive  devices  have 
2-4 

been  previously  studied,  but  have  not  found  widespread  use  because  of  the  lack  of  high-quality 
large-time-bandwidth  dispersive  delay  lines.  The  RAC  configuration  is  particularly  well  suited 
for  meeting  this  requirement  and,  in  fact,  RAC  devices  make  it  possible  to  implement  this  adap- 
tive system. 

The  circuit  configuration  for  the  continuously  variable  delay  line  is  illustrated  in  Fig.  V-t(a). 
The  linear  dispersion  curves  representative  of  each  RAC  device  are  indicated  in  Fig.  V - 1 ( b ) . 


I l5-»-U5M| 


(b ) 


Fig.  V-i.  (a)  Variable-time-delay  system  using  surface-acoustic-wave 
dispersive  delay  lines,  (b)  Linear  dispersion  curves  characteristic  of 
each  dispersive  filter.  Delay  (til  through  DF-t  is  controlled  by  output 
frequency  (f^)  of  VCO.  Input  signal  bandwidth  is  represented  by  Af. 
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Both  units  haw  identical  dispersion  slopes  with  nonoverlapping  frequency  bands.  The  incoming 
signal  < 70  * 5 MHz)  is  mixed  with  the  output  of  the  VCO  (165  ± 5 MHz)  which  controls  the  delay 
through  the  first  dispersive  filter  (UK-1).  The  output  from  this  first  device  (95  ± 1C  MHz)  is 
spectrally  inverted  in  a second  mixer  (the  difference  frequency  is  selected!  wherein  the  VCO 
fro  iuencv  is  removed.  The  residual  dispersion  is  removed  in  the  second  HAC  filter  (DF-2), 
which  has  a 1 -MHz  bandwidth  centered  at  70  MHz.  The  overall  delay  is  nondispersiv-  <nd  a 
function  only  of  the  VCO  frequency,  provided  each  delay  line  has  a linear-l'M  slope. 

Full  advantage  is  taken  of  the  excellent  filtering  characteristics  of  the  HAC  devices  by  sepa 
ration  of  the  frequency  bands  of  the  individual  devices  and  the  VCO.  Spurious  signal  levels  are 
thereby  reduced  t > a minimum.  At  the  maximum  input  signal  level  which  yields  an  output  75  dB 
above  noise,  mixer-related  spurious  signals  are  down  by  a minimum  of  70  dB. 

One  of  the  design  goals  for  the  system  is  to  minimize  the  time-bandwidth  product  of  the  dis- 
persive  delay  lines.  This  criterion  results  in  a minimum  time-bandwidth  product,  ATAf  1200 
f r Dl'-t.  The  second  HAC  unit,  DF-2,  shown  in  Fig.  V-1  has  less  stringent  requirements  on 
bandwidth  and  dispersion.  The  minimum  bandwidth  requirement  on  this  unit  is  10  MHz,  with 
dispersion  dependent  on  the  choice  of  chirp  slopes.  For  the  minimum  ATAf  design  of  DF-f,  the 
dispersive  delav  of  DF-2  is  30  usee,  resulting  in  a device  with  time-bandwidth  product  of  300. 

'I  hese  device  parameters  are  considered  modest  based  on  the  group's  ongoing  and  past  develop- 
ment programs  involving  RAC'-type  structures. 

Because  the  variable-delay  system  operates  in  essentially  a CW  mode,  there  is  a greater 
need  for  low  insertion  loss  and  larger  CW  dynamic  range  than  in  radar  pulse-compression  sys- 
tems wherein  correlation  gain  helps  increase  the  overall  system  dynamic  range.  Thus,  in  order 
to  reduce  device  insertion  loss  to  a minimum,  LiNbO-j  (a  high-coupling  piezoelectric)  was  se- 
lected as  the  substrate  material.  Low-insertion-loss  units  were  fabricated  and  incorporated  in 
the  variable  delay  line  to  provide  a system  with  dynamic  range  in  excess  of  70  dB  for  input 
powers  less  than  1 mW. 

The  frequency  response  of  the  system  at  the  minimum,  mean,  and  maximum  delay  intervals 
is  illustrated  in  Fig.  V-2.  Amplitude  variations  at  fixed  delay  times  are  about  1 dB  across  the 
design  bandwidth,  with  approximatel'  i .5-dB  variation  over  the  entire  delay  range.  These  vari- 
ations are  largely  traceable  to  the  slightly  nonuniform  responses  of  the  dispersive  delay  lines. 
The  response  of  the  lines  became  more  nonuniform  after  we  experimented  with  a new  phase- 
compensation  procedure,  it  is  not  entirely  clear  why  this  modified  scheme  caused  changes  in 
the  frequency  response.  Subsequent  dispersive  devices,  which  are  already  in  the  process  of 
being  phase  compensated,  will  use  our  standard  phase-compensation  procedure  and  thus  should 
provide  a system  with  more  uniform  response  as  a function  of  both  frequency  and  delay. 

Fresnel  amplitude  and  phase  ripples  were  minimized  in  the  frequency  response  of  each  HAC 
unit  by  amplitude  weighting  the  impulse  responses  of  the  individual  devices.  The  type  of  ampli- 
tude weighting  incorporated  consisted  of  a response  flat  in  the  central  portion  of  the  impulse  re- 
sponse, with  approximately  cosinusoidal  tails  on  each  end.  A computer  analysis  of  the  frequency 
response  of  the  dispersive  delay  lines  was  used  to  determine  the  optimum  length  of  the  cosinu- 
soidal tails.  The  results  show  that  near-optimum  weighting  is  obtained  when  the  cosinusoidal 
tails  of  the  impulse  response  have  a length  equal  to  (AT/Af)1'  where  AT/Af  Is  the  nominal 
linear- FM  slope  of  the  impulse  response. 

Measurements  of  system  phase  response  at  the  selected  delay  times  illustrated  in  Fig.  V -2 
show  approximately  2 rms  deviations  from  linear  response.  The  residual  dispersion  of  the 
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Fig.  V-2.  Variable-delay-line  frequency  response  at  minimum,  mean, 
and  maximum  delay  intervals. 


system  was  calculated  from  a least-squares  linear  fit  to  the  phase-response  data.  The  absence 
of  a significant  quadratic  component  in  the  system  response  indicates  that  the  chirp  slopes  of  the 
individual  dispersive  units  are  well  matched. 

The  performance  of  the  system  was  evaluated  by  delaying  various  types  of  signals  including 
short  “>0  nsec)  wide-band  impulses,  narrow-band  tone  bursts,  and  PSK  sequences  with  10-MHz 
chip  rates.  In  all  cases,  the  output  appeared  as  if  the  input  signals  had  been  passed  through  a 
square-response  filter  with  a bandwidth  slightly  in  excess  of  i 0 MHz,  a response  consistent 
with  Fig.  V-Z.  V.S.  Dolat 

B.  Ml  l.TISTRIP  COUPLING  TO  SURFACE-ACOUSTIC-WAVE  (SAW)  RESONATORS 

The  multistrip  coupler5  (MSC)  is  a very  useful  SAW  component  which,  among  other  things, 
can  be  used  to  couple  out  ; "rtain  fraction  of  the  energy  in  a traveling-wave  beam.  With  the 
advent  of  the  SAW  resonator,  it  is  natural  to  consider  the  use  of  the  MSC  as  a means  of  coupling 

to  the  resonator.  This  possibility  was  first  demonstrated  experimentally  in  a rejection-filter 
7 

application,  and  since  then  has  also  been  theoretically  considered  in  a coupled-resonator  filter 

g 

configuration.  The  present  work  focuses  on  an  understanding  of  the  basic  physics  of  the  MSC 
in  n resonant  standing-  'ave)  environment,  as  opposed  to  the  nonresonant  (traveling-wave)  re- 
gime in  which  it  has  been  primarily  employed  to  date. 

To  this  end,  we  have  considered  the  very  simple  configuration  of  Fig.  V-3.  An  MSC  con- 
sisting of  a periodic  array  of  15  Al  strips  is  positioned  at  an  arbitrary  location  between  two 
grating  reflectors  which  ere  separal  ) by  io.5  a edge-to-edge.  Together,  the  gratings  form  a 
SAW  resonator,  rest  noting  it  approximately  68.4  MHz.  The  lower  "track"  of  the  MSC  aperture 
lies  in  the  cavity,  nd  the  upper  "track"  lies  outside.  The  Al  strips  of  the  MSC  are  0.25  a wide 
on  0.375  centers,  whereas  the  1200)  elements  in  the  reflection  gratings  consist  of  0.018 
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ORATING  REFLECTORS 


Fig.  V-3.  Schematic  of  multistrip-coupled  SAW -resonator  configuration, 


Fig.  V-4.  (a)  Comparison  of  transmis- 

sion through  resonator  Tl2  with  reverse- 
coupled  response  T15.  (b)  Comparison 

of  forward-coupled  response  T25  with 
reverse-coupled  response  T15. 


FREQUENCY  ( MHt) 


deep  grooves,  ion-beam  etched  into  the  surface  of  a Y-Z  I.iNbOj  substrate.  The  gratings  and 
surface-wave  beams  are  100  \ ( wide.  \ 50.8  pm  is  the  wavelength  corresponding  to  the 

nominal  center  frequency  of  the  grating  stop  band.  The  cavity  is  excited  through  the  ends  by 
either  of  transducers  T(  or  T,.  and  output  transducers  T^  and  T^  are  situated  on  each  side  of 
the  USC  in  the  upper  track. 

In  the  absence  of  the  resonator,  the  behavior  of  the  intrinsic  MSC  is  such  that  transducers 
T(  and  Ty  as  well  as  T , and  T^,  are  decoupled.  In  the  presence  of  the  resonator,  however, 
the  backward-traveling  component  of  the  standing  wave  within  the  cavity  leads  to  a (reverse) 
coupling  between  T ( and  Ty  and  between  T^  and  Ty  in  addition  to  the  usual  (forward)  coupling 
between  T ( and  Ty  and  between  T^  and  Ty  In  view  of  the  fact  that  the  above  reverse  coupling 
is  associated  with  a cavity  resonance,  this  effect  should  be  extremely  narrow  band  for  a high-Q 
resonance. 

Figure  V-4(a)  show's  a measurement  of  the  transmission  T^  through  the  resonator  from 
transducers  T,  and  T,.  The  "W"  region  of  T^  , corresponds  to  the  stop  band  of  the  reflection 
gratings,  and  the  central  peak  of  the  "W"  occurs  at  the  cavity  resonance.  Also  shown  in 
Fig.  V-4ia)  is  the  reverse-coupled  response  T^  between  T^  and  Ty  which  peaks  up  at  reso- 
nance. as  expected.  In  addition  to  this  main  peak  due  to  the  high-Q  resonance  of  the  cavity, 

there  are  secondary  maxima  due  to  low-Q  resonances  associated  with  the  sidelohes  of  the  re- 

9 

flection  coefficient  of  a finite-length  grating.  This  sidelobe  structure  decreases  monotonicallv, 
and  eventually  falls  off  to  a level  below  -75  dB. 

The  behavior  of  the  device  and,  in  particular,  the  measured  frequency  response  on  reso- 
nance in  Fig.  Y-4,  can  be  described  in  terms  of  two  independent  parameters.  The  first  is  R, 
the  magnitude  of  the  grating  reflection  coefficient,  the  second  is  c,  the  magnitude  of  the  scat- 
tering coefficients  = S45  of  the  intrinsic  4-port  MSC  (Ref.  10)  shown  in  Fig.  V-3.  For  the 
200-groove  gratings  used  in  this  device,  calculations'  ' show  that  in  the  center  of  the  stop  band 
R 0.  (6.  The  value  of  c for  the  MSC  can  be  accurately  measured  in  a simple  manner  from  the 
response  T^  shown  in  Fig.  V-4(b).  For  the  above  configuration  of  l 5 strips,  it  is  found  that 
c 0.27. 


An  analysis  of  the  problem  shows  that  when  the  frequency  and  the  separation  of  the  gratings 

o 

satisfy  the  phase  condition  for  resonance,  the  acoustic  coupling  (not  including  transducer  losses) 
between  ports  1 and  5 (or  2 and  6),  and  between  ports  2 and  5 (or  1 and  6)  is  given  by  the 
expressions: 


lr;i  cT 


Rt 

ll  - rVj 


(V-l) 


and 


cT 


l<  R^l 


(V-2) 


where  a,,  a,,  and  bR  are  wave  amplitudes  defined  in  Fig.  V-3.  In  addition,  T (1  R ) is 
^ 5 Z 1 / 2 

the  transmission-coefficient  magnitude  for  the  individual  grating  reflectors,  and  t (1  - c ) 

i ! S34|  I S56l ) is  the  magnitude  of  the  "straight-through"  transmission  coefficient  for  the 
intrinsic  MSC.  Using  Eqs.  (V-t)  and  (V-2)  along  with  the  measured  transducer  conversion  effi- 
ciencies, the  experimental  results  of  Fig.  V-4  can  be  predicted  to  within  a decibel. 


R.  C.  M.  Li 
.1.  A.  A lu sow' 
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